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I. ABSTRACT 


The object of this thesis was to Investigate the 
practicability of using plastic models to study the behavior 
of steel submarine pressure hulls under hydrostatic loading. 
The conclusion reached in this thesis is that models made of 
commercially available plastics can be used for such study, 
but that their range of application ig limited. 


The need for smell seale mocels in submarine design 
exists because the formulas for submarine pressure hull 
strength calculations are limlted in application and have 
not been adequately verified; therefore, cesign calculations 
have elways been cheexed by hydrostatic tests of models. 
Steel models are normally used for these tests although they 
are costly to construct and must be tested ta the save high 
pressure as will cause collapse of the full-seale submarine, 
In contrast, plastic submarine pressure hull mofels offer 
the advantaze of low cost anc low test pressures. For ex- 
ample, "Lucite" models cost approximately one-fifth the 
cost of comparative steel models and collapse at about one- 
fifth the pressure, 


This investigation was conducted in two steps. First, 
the accuracy of using plastic columns to predict behavior 
f steel columns was stucied; fifteen plastic columns were 
tested by tne authors in this phase of the investigation. 
Second, the more complex problem of predicting the perfor- 
mance of a steel prototype using a plastic submarine pressure 
hull model was investigated, 


Four plastic submarine models were built, and were 
tested by the authors in a simple, low-pressure steel tank 
using tap water. 


Three of the four models tested failed sufficiently 
Clear of both the end bulkheads and the longitudinal seam 
to indicate reliable failure data. The manufacture of 
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plastic structural models involvecé new technigues of 
construction; hence the lack of technical difficulties 
with the plastic under test was noteworthy. 


Analysis of the test results indicates that: 
(1) plastic submarine models can predict the collapse 
of a steel prototype, but oniy when the prototype is 
10t stressed above its proportional limit at collapse; 
(7) models should have A similarity rather than geo- 
metric similarity to prototypes. 


The accuracy of predicting steel srotctype per- 
formance is affected by the value used for the modulus 
of elasticity of the plastic, and this value is in turn 
significantly affected by the rate of loading an¢ tem- 
perature during testiugs. Therefore, plastic models are 
recommended more for qualitative comparison of the effect 
of varying one parameter, than for getting the exact 
Quantitative collapse pressure of a specific steel sub-e 
marine design. 


The low cost of plastic models suggests their use 
in extensive research programs where qualitative pre~- 
Gictions are desired, The present limited rar.ge in whieh 
models mace of commercially available plastic can be used 
might well be extended by cevelopment of new plastics with 
stress-strain curves similar to those of stecls used in 
submarines. 
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SYMBOLS AD ABBREVIATIONS 


The followinz symbols and abbreviations are used 


throughout this report: 


Oy= Oy. 


ij 


Yield point stress. 


Je = On.i1, = Stress et proportional limit. 

ial Pete 

E = Modulus of élasticity - tnittal slope of 
stress-strain curve. 

Em = fTangert modulus - slope of stress-strain 
curve at a perticular stress, 

ER = Recuced modulus = ------s--~.- ™ 





4 
: ) 
Io i” % 
(2.228) . | Thinness fsetor or 
(h/2R)®© E sturdiness factor, 


L = Unsupported distance between frames on 
submarine pressure hull, 


L! = Submarine pressure hull frame spacing. 

R = Radius of curvature of subinarine pressure 
hulls 

D = Diameter of submarine pressure hull (28) 

h = Thickness of submarine pressure hull. 

y oo 
(h/R) (Cy) 

Pp = Collapse pressure of model. 


Oevit, = Buckling stress of a column, 


ma 





DTMB 


ii 


ii 


ii 


i 


Length of equivalent pin-ended 
column, 


Least gyradius of column section. 


Davia Taylor Model Basin, 
Washington, D.C, 


Poisson's Rutio. 
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[NTROOUCTION 


The purpose of this thesis is to investigate the 
practicability of us'ng plastic models to facilitate 
study of the behavior of, and structural fallures of, 
steel submarine pressure hulls. 

Failure of a typical length of cylindrical shell 
and its attendant transverse frames under non-e-dynante 
conditions of external hydrostetic loading is the 
specifie item of "behavior" or mode of "structural 
failure” upon which this thesis concentrates, 

In assessing the value, if any, which way be in- 
Cicated for plastic submarine models, the thesis has 
as its initial objective the determination that such 
mocels can, or cannot, predict the performance of steel 
prototypes in a qualitetive sense. Fxploretion of the 
Guantitative worth of the plastic submarine models 
(as, for example, the prediction of an exact prototype 


collapse depth), is an ultimate objective. 


Background 


The theories concerning the exact cavse of the 


collapse or failure of a eylindrical thin-walled pressure 
vessel reinforeed by stiffening rings (i.e., @ submarine 
pressure huli) are neither complete, nor uniformly 
accepted. Similarly, the several formulas for computing 
or echeexing submarine pressure hull strength and collapse 
depth calculations involve simplified boundary conditions 
and sther sinplifying assumptions in their derivation 

and, therefore, owe their authority to such substantiation 
as test experiments afford, and apply to but one aspect 

of the collapse depth problem. Thus, the several formulas 
are used collectively to arrive at an accentable design. 

In addition to the uncertainties of theory and of 
cesign formulas as they apply to design parameters, the 
actual performance of any giver submarine pressure hull 
will be a direet function of the physical characteristics 
of the material used, the methods of welding anc con- 
struction, the quality of workmanship, etc. 

‘For a variety of reasons, including the above, it 
has long been the practice to eco:duct actual hydrostatic 
tests to failure of selected submarine pressure hull 
designs. Some test work has been done upon large scale 
models of submarines; most of the test work is performec 
via hydrostatic tests of properly scaled smill steel 


models, 
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Construction and test of a steel model is a tine- 
consuming and costly procedure. Procurement of steel 
of the prototype'ts characteristics, hance machining of 
H-frames, special small scale welding, etc., are among 
the problems of model manufacture. Since the mocel 
should fail at the same collapse depth as the prototype 
(for example, over 400 poun’s per square inch for 1000 
feet collapse depth), the pressures involved are high, 
the test apparatus is heavy and expensive, and the test- 
ing te¢hniques are time-consuming and costly. Tine re- 
guirenments anc costs involved in standard stea model 
tests may be spoken of, conservatively, in "weeks" and 
"hundreds of dollars," respectively. 

In contrest to the use of steel models, the use 
of a plastic (for example, "Lucite" or "Plexiglas") 
appeared to offer several promising advantages. First 
because af the relatively low values of the moculus of 
elasticity and of the yield stress for these methyl 
methacrylate plastics, the required test pressures for 
Plastic models geometrically similar to steel models 
are much lower than the corresponding pressures for 
Steel models. This suggested great simplification in 
the test equipment required with a lighter test tanz, 


easily removable models, lighter piping, elimination 
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of pressure pumps and use of tap water as a water and 
pressure source, ease of securing watertightness, etc. 
Another saving was foreseen in tre use of standard 
commercially available plastics to quickly arc readily 
build models. The possible speed-up in actual testing 
offered superimposed savings. 

The concept of using plastic submarine pressure 
hull models was suggested to the authors by some work 
at Davie’ Taylor Motel Basin as witnessed by one of the 
authors during the summer of 1950. ODTMB has officially 
reported the use of a cellulose acetate model im the 
physical test of a cylindrical sun foundation, Refer- 
ence (1). Severel plastic submarine pressure hull zodels 
have beer prepared by DTMB, anc inspected by the authors, 
but have not been tested. A sample test of an unfinished 
plastic model was made in August, 1950, at DTMB with one 
author assisting; it verified the opportunity for re- 
duction in time, cost and test pressures, This OTMB 
test suggested enother possible acvantave of plastic 
models - the possibility of testing a nodel to "failure* 
(as eviderced by collapse lobe formation), but without 
Cestruction of the model. I[t was predicted that plastic 
models, particularly at the lower pressures, could be 
unloaded witnout permanent damase an?’ then re-used. 
(This last prediction has not been confirued by the 


subject work). 
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Problem 
From corsiceration of the foregoing, the following 


problem was posec by the authors: 


Car. a plastic model of a submarine 
pressure hull be utilized to predict, in 
either e qualitative or a quantitative 
sense, the collapse cepth of # steel proto- 


type under hyérostatic loading? 


Implicit in the above problem, or in any 
attempt at its solution, are numerous other questions 


including the following: 


With commercially available plastics 
and average workmanship, cer a plastic 
mocel be expected to behave as an effieient 


pressure vessel? 


Will a plastic motel fail in mode 


similar to a steel aodcel? 


Can instability or yield feilures ve 
obtained, or will the mechanics of con- 


struction provide the sources of failure? 
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What will be the effects on the 
steel-~plastic correlation 3F the inheren 
varietions in yleld stress-modulus ratios 
anc general shapes of the stress-strain 


curves? 


Because of these variations in material 
characteristics, what scele factor must be 
employed between steel arm’ plastic, anc’ how 
shell it be epslied to such difference design 
parameters ag shell thica«ness, frame stiffness, 


etc. 


Proposed Approach 


The method of attack outlined below was established. 


(ea) Survey the work done in field of steel submarine 


pressure hull models. 


(b) Survey the preliminary work done in the field of 


plastic submarine pressure hull socels at DIMB. 


(c) Survey plastics; availability, physical charac- 


teristics, stress-strain behavior, etc. 


(t) Manufacture and test in compression a series of 
columns of chosen plastics inclucing preperation 


of stress-strain curve, 
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(f) 


(g) 


(h) 


- 


Compare plastic column cata with accepted ex- 


isting steel column “ate. 


Manufacture and assemble low-pressure steel test 


tank, gages, piping, ete. 


Marufacture a series of plastic submarine pressure 
hull models, covering a range of frame spacing, 
anc conduct hydrostatic tests of these scale 


models. 


Compere pressure anc modes of failure for plastic 
submarine models with avallable data from tests 


of steel submarine models at TMB. 


Details of the actual approach to the problem will 


be found in the next section, "PROCFDURE." For ad- 


ditional details pertinent to the foreging section, see 


APPENDIX"A". 
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It. 
PROCEDURE 


Outline 


(a) 


(bd) 


(¢e) 


In brief, the procedure followed in thls thesis 


be outlined in the following manner: 


Choice of plastic - the study of possible 
plastics, anc the selection of an available, 
workable plastie with stress-strain and other 


characteristics not too dissimilar to steel, 


Plastic column tests - the selection and test 
of a series of compression columns of the chosen 
plastic, including preparation of stress-strain 


Geta for selected rate of loading. 


Correlation of plestic and steel columms - com 
parison of behavior of plastic columns with 

widely documented steel column perfornance, in- 
clucing correlation on selected non-dimensional 
basis to exclude variations in E, yield stress, 


etc. 
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(a) 


(f) 


(g) 


(h) 


G 
woe °°) ome 
Cd 


Desiazn of plastic submarine mocels - 
selection of the design parameters, and 
the varlables anc range of variables to 


be studied. 


Manufaetire of plastic submerine motels - 
including problems of forming shell and 
frames, maintaining circularity, choice «end 


use of solvents, ete. 


Design and manufacture and test of the steel 
test tank - including provision of gages, 


control of water pressure and volume, etc. 


Plastic submarine moi'el tests —- with the 
attendant problems of watertightness, rate 
of loading, observation ef failure lobes, 


eetection of incipient failure, etc. 


Correlation an¢ evaluation of plastic sub- 
marine motel test data = exumination of 
plastic submarine motel test results in view 
of column test results and all available data; 
correlation of plastic test jata with experi- 
mental cata from tests of steel submarine 


models. 
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(i) Evaluation of thesis and conelusions. 


Choice of Plastic 

The choice of plastic finally centered upon methyl 
methacrylate for a number of practical reasons, not the 
least of which is its avallability in readily usable 
forms and sizes. Other reagorns which led to the choice 
of a methyl methacrylate ("Lucite™ and "Plexiglas® are 
both trade names for materials belonging to this category) 
ineluded those listed hereafter. The material is readily 
available in commercial sizes of good uniformity as to 
Size and toleranees, and fatr untformity as to chemical 
composition anc physical characteristics. Much experience 
and Knowledge regarding this material has been amassed 
by the M.I.T. group uncer Professor A.OG.H. Dietz, and 
oy OTMB. Use of this material would permit direct com- 
parison with column tests by Cér, Miller in August, 1950, 
and with projected submarine model tests by OTMB. Use 
of thie material would offer a minimum of new "mechanical" 
problems in regarc to model construction, cholee of sol- 
vent cement, ete. 

A primary disadvantage in tne choice of methyl 
methacrylate lies in its gently rounded stress-strein 
curve without a distinet yleld point. Another serious 


disadvantaze is the fact that, whereas the vield stress 
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f this material is about 1/10 that of steel, the 
initial modulus of elasticity is only about 1/100 
that of steel. 

For a more detaiLlecé discussion of the choice 


of the plastic, refer to Appendix "Bf, 


Plastic Column Tests 

in order to achieve a starting point for com- 
pearing plastic submarine models with steel submarine 
models under conditions of hydrostatic (compressive) 
loading, it was decided to first corcuct compression 
tests upon a series of plastic columns end compare 
sich column test results with Euler'fs Column Curves 
ang with existing published results of steel columns. 

Accordingly, the set of "Lucite" columns specified 
on Tables IX-XIV were tested in compression. The test 
set-up was as detailed by Figure I. Columns were tested 
"fixed-ended", load rates were adjusted for ready come 
parison with "Plexiglas" column teste by B.T. Miller 
at DINS in August, 1950, and short specimens were en- 
ployed to obtain a compression stress-strain curve for 
*"Lucite* — Pigure XII. 

For further details regarding "Lucite" cclumns, 


refer to Appendix "B". 
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ui Steel Colums 

In correlating the results of the »lastie column 
tests with steel column date, use was made of the vast 
mass of data regarding steel columns that hes been de- 
veloped, documented in the literature, and accepted as 
valic. It was mot the purpose of this thesis to ecorduct 
tests of steel columns, erd no such tests were made. 
For the purposes of this thesis, the steel column ‘ata 
employed was that presented by Shanley in Reference (2). 

The basis for correlating comparative steel and 
plastic column cata was to reduce such cata tc appropriate 
non-dimensional plots to eliminate the effects of variations 
in basic characteristics such as yielc stress an moculus 
of elasticity. 

For pertinent details of the correlation of plastic 
arc steel column test data, refer to seetions on 


PRESULTS® and "DISCUSSION OF RESULTS." 


of Plastic Submarine Mocel 





The underlying concept for the desigr of the plastic 
submarine models was to cover by experimental tests as 
large a portion of the significant A range as could be 
allowed by limitations of theory, of time, of pressure, 


and of money. 
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As a check of the applicability of plastic models 
to ¢eurrert submarine design, it was further decided to 
base one plastic model as closely as practicable upon 
current submarine design practice, using either 

CA -similarity, or geometric similarity, or both. 

From an experimental point of view, the authors 
felt the desirability of obtaining submarine test spots 
in sufficient quantity to cheek against three portions 
of the A —- Y curve: the rising "instability" portion 
of the curve at the higher fa values; the "yield" 
portion of the curve at low values of A where Y 
approximates unity; and, the transition ranee between 
the first and seconc areas, 

The cesign, number and choice of dimensions for 
the submerine models actually testec is a compromise, 
The number of models was limitec by cost, and the basis 
for other decisions is detailed in the APPENDIX. The 
model specifications were as detailed by Figures II-V; 
the mocel scantlings as actually built, where different, 
are detailed on Figures XVII-XXII. Four (4) models 
were bullt and tested; each was a nomirial 9" inside 
diameter by 1/16" shell thickness. All shells were 
fitted with a longitudinal seam fitted with external 


butt strap. All frames were 2/16" wice by 5/16" deep, 
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Figure Il 
SPECIFICATION SHEET~ MovcEeEL Ne Si 


——— 


MATERIAL: METHYL MeTHaceYLaTE 
Frames : 5~ 3/6 «x 5 /i¢™ 
SHELL THICKNESS: 0.060 " 
KEY DIMENSION: 0.93" BerweeEN Feames 
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fitted snug on the inside, and made with one butt. 
Shells, seam straps, and frames were permanently 
"welded" by use of ethylene dichloride solvent. 

Model Ro. 52 maintains close geometric similarity 
With recent submarine practice, but the use of "Lucite" 
results ina A value of 2,785 for Model No. 52 whieh 
is much higher than the A for the steel prototype. 
Model Mo. 5% has the highest A value of the quartet 
tested, 4.94; this value was as large as was felt 
practicable. Model No. 50 carries the minimum 2 value 
of 1.7%; the distance between frames is reduced in this 
model to 0.52". 

Accordingly, the A range covered by the four 
models tested is 7A =1.72% to A = 4.04; this range 
is displaced in the direetion of higher values of A 
from the range which the authors would have liked to test, 

All plastic submarine models were designed for use 
with oneepiece "Lucite" end diaphragms which were to 
project into the shell for 3/8" anc have a 1/8" x 9-1/8" 


integral end flange. The end ciaphragns as built and 


used are shown in Figure VI. 





Four (4) "Lucite” submarine pressure hull seetions 


were manufactured by Forest Products, Inc., Canbridre, 
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Figure VI 


CONSTRUCTION , INSTALLATION € USE 
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Mass. The mocels were in aeccorgance with Sneci fication 
Sheets, Figures [I-V¥, except as detailed on Figures XViI- 
MAII whieh show the ciameters ag built and the extra 
frames installed to suit the en diaphragms. The end 
diaphragms were bullit and used as detailed on Pisure VI; 
note that, in order to save funds, one pair of ene 
diaphragnis was used on all models. 

The model shells were formed from flat sheets which 
were heated, wrapped around a wooden mandrel, cooled, 
eut to size, and cemented. The frames were hot formed 
ina wooden jig to the size of the finished shell, and 
trimmed for a press fit. All frames were adjusted to 
size, positioned, an’ cemented in place by the authors. 

Photograph ho. 2 shows an exploded view cf Model 
ho, 52 as constructed prior to attechment to end dia- 
phragms,. 

Appendix "B® contains further ¢@otails concerning 


manufacture of the models, solvent, ete. 


Desien, Manufacture and Test of Steel Test Tank 


The design of the testing tank and its attendant 
piping, vert, and valve arrangement can be readily 
understood from Figures VII and VIII, and Photograph 
Ro. 1. With the household main as the desiyzned source 


of water pressure, the steel stresses were expected 
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Figure VIL 
HYDROSTATIC TEST TANK ~ AS BUILT 
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Photographs Noe. ? & 3 





Se a 


Model 53 before test showing end bulkheads 
before installation in model, and model 
frames including two extra frames used to 
help support end tt. ‘“heads in shear. 





ws 


Model 545 after test showing dial rage 
set-up and model attached to end flange 
of test tank. 
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to be nominal. The tank ~as mace by the Boston Naval 

Shipyard to a rough sketch furnished by the authors, 
The Shipyard also furnished anc calibrated the 

pressure gages used, and tested the assembled tank 


to 100 pouncs per square ineh gage. 


Plastic Submarine Mocel Test 

The besiec test set-up for hydrostatic test cf 
plastic submarine models can be followed from 
Figures VII and VIII and Photograph No. 1. The initial 
step in the test of a model was to insert the end 
diaphragms into the reinforced shell; then mount the 
assembled model, complete with ends, upside down on 
the lower face of the upper steel flange of the test 
tank, The tank was next partially filled with water, 
the upper test tank flange together with model put 
in place, the tank filled with the vent open, and the 
upper tank flange securely bolted on (with the vent 
still open). The pressure control valve could then 
be opened wide, the guard valve cracked open, the 
supply valve openeé, and the vent closed ready for 
test. Pressure on the mocel was cortrolled by gradual 
throttling of the pressure control valve. 

During the tests of Models Nos. 50 anc 52, two 


(2) diametrically mounted dial gages were mounted as 
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shown by Photosrach ho. 3 anc by Fitures VIII and IX, 

The normal test procedure was to build up the pressure 

at the rate of 2 pounds per square inch per minute, 
meking continuous recordings of dial gaze readings 

where mounted, and making coritinual exatiination of the 
model visually and by exploratory touch. In the event 

of minor leakarze, a syphon tube was rigged, anc the test 
continued without interruption. [In the event of serious 
leakage, inexplicable cracking noises, etc., the pressure 
was dropped for careful examination of the model, ine 


eluding renoval from the tank when appropriate, 





tion and Evaluation of astic Submarine 


Model Test Data 


The underlying basis chosen for atteaptinzg to 


correlate the plastic submarine model tests and ex- 
perimental data from steel model tests is thut of a 
non-dimensional plot such as the Can xX plot of 

Figure XXXI. 

Kho steel submarine mo’el tests were contemplated 
under this thesis, and none were performed. In com- 
parison with the case of steel cclumns, fewer steel 
submarine models have been tested, anc - of those 
tested - not all test results are available in un- 
Classified reports. The tsst spots shown on Fifgure XXik] 


represent the major portion of the results of scientific 
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steel SubiRarine model tests to this date, ane are 
considered to be the best available summary of 
steel model test data, 

The major problem sf correlation and evaluation, 
therefore, was to reduce the plastic submarine model 
data to a dimensionless form comparables to the steel 
Gata of Figure KAXXI. In reducing and interpreting 
this cata, the previous column data was drawn upon. 

For further cetaitls concerning the correlation 


and evaluation of data, refer to "DISCUSSION OF 


RESULTS .*® 


one lustions 


Tne evaluation of the results of the thesis, 





and the conclusions, are justified by the "R®SULTS" 
and are developed in the "DISCUSSION oF RESULTS." 
For such evaluation and conclusions, refer to 


"COMCLUSIINS® and "RECOMMENDATIONS." 
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All cata presented in this seetion were obtained 
from tests conducted by the authors with the exeepntion 
of the data on "Plexiglas" colwnans. The tests of 
"Plexiglas® colwans reeorded here were conducted by 
R.T. Miller during the summer of 1950 while at the 
Pavid Taylor Model Basin. The date includes the re- 
sults of over 22 column tests (10 by &.T. Hiller) and 
4. submarine model tests. 

Pigure ~ shows & comparison of the stress-strain 
curves of the various plastics tested in order to deo 
termine their relative werits for mocel tests. 


7Il ard XII give valves of the tangent 
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modulus and the reduced moslulus for "Lucite,* and the 
stress-strain curve upon whieh these values were based. 
Figures XIII and XIV eive similar data for "Plexisias,® 
Figure AV shows the buckling stresses for the 
"Lucite columns plotted against the length to gyradtus 
ratio of the columns, Superimposed upon the test cata 
ami the curve of experimental data are two curves show- 
ing the buckling stress as calculated by Eulerts column 


formulas. These curves will be discussed in detail in 
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Section V, "LISCUSSION CF RESULTS.” Figure XVI is a 
similar plot of the results of the "Piexiglas" column 
tests. 

All data used to develop the plots shown in the 
Figures discussed above are tabulated in Appendix "C*, 

Figures XVII~XAIII, and Tables I-V give the re- 
sults of the tests of four "Lucite™ models of subs 
marine pressure hulls; For each model tested there 
has been included a photograph of the model before 
anc after test, e tabulation of the test cata taken, 
and sketches showing details of the location, size, 
and shape of the failure, The sketches and tables 
are essentially self-explanatory. | 

The phenomenon of crazing whieh is detailed in 
Figure xIX, appeared as a maze of small scratches which 
were particularly noticeable when the model was held in 
certain positions under strong lighting. The crazing 
which was very apparent slong the frame line immediately 
after the test, as shown in Figure XIX, completely dis~ 
appeared after the model stood idle for several cays. 
This phenomenon is discussed more fully in later sections 
of this thesis. 

Test A of Model fio. 5? was stopped due to excessive 


leakage from butt strap. When the model was removed from 
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Table No. x 


Summary Of Tests Of Lucite Submarine Models 


All Models 9" in Dia. , Vig Thick 
Leneth Bet+w. Collapse 
ee ee ee ee Oe 
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P= Column 3 








v4 GS? 3 * soy SYdeIZ 04 Oud 


“s[spom {Tse uo pesn uUuotyon 
~1%SuU09 GBI3423 99NQ SMOUS BINQZOTY 
$840N “TTeus wusyorg fo saoe}{td 
SUTMOUS = SUTISAT ZEe9TY OS TepoyY 





SUYRSOY SLOZOT OY Tepoy 





Figure XVII 


Move. N& 50~ DETAIL oF FaAnuRe 


Partial EXPANSion SHowine LocarioNn OF Faiture. 





DIMENSIONS OF Mopet AS But AND TESTED: 
Framing — 7*Ae" «x S/e@ 
0.52" ®SBETWEEN Frames 
AvERAGE SHELL THICKNESS — 60,0625 ° 


4 INnsioE DIAMETER — 9.03" 
“ os “ , or "9 i 02" 


: " u ,)Bortom-9.05" 
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ScaAte: Furr Size 





Table No. ID 
Tes+ Of Lucite Submarine Model No. 50 


Tests By E.F. Durfce and V. DO. Johnson 


Length Beh}ween Frames — 0.52" 


Diameter -— 9.0" Rat< of Loading - 253i )/min 


Thickness — Vie inch Temp of Watcr -Go°F (Beth Tests) 


Test A BiMar. 195) Test D 2 Apr. 1951 


Hydro. Press. | Deft. Reading| Actual Def. || Hydho. Press. | Dest. Reading 
3 psi | /x/+1-4 _taito” 3/1/4298 | sirzas ™ 

5 )/aj+2.? 12370" 3/sf/42-95 | 31245 

T | / af+2.74 42274" 3/1/+3.01 3130) 
1o if z[+%.90 | 12290" 3/1] 43,46 | .31346 
4 if 3)-483 |) asit” 3jij+4.se | .3143¢ 
\7 if 3/+ose| 13 05¢ 3/1/-4.6! 315349 
20.5 ([4j-4.13 | (13567 3/1/-3.T3 | .Bdlaat 
23 '/4] +057 14057 3/1/-2-¢ 31734 
25 \[/4/+4.30 14430 3/1[-\.st . 31844 
aT 1] s[-z.41 14769 3/if-o.7T | . 31933 
30 i[s/+3se 15 356 3/z/+0-05 | : 3200s 
33 i[ e/- 0-40 15960 3/2z/+\.08 32108 
35 \/e/+l.4e M146 sfaj+iaa | .3R19R 
37 i/o] #202 (GRO8 3/2/12.80 | .322B0 
40 i/o] +228 16228 3/z)43-8R | .323B82 
42 1/6) +2.63 \e263 3/al+4.47 .324¢T 
a4 | [6/ 42.66 e266 afa(-4.41 | 32553 
+6 i/o) +2 eT We2et 3/2z/-3.60 32640 
48 fej +a.ae 16282 3/aj-%50 | 32750 
50 i/o; +2-84 1G 182 3/a]-1.28 32872 
52 i[olt 3.17 AGSIT 3/[3/+040 | .330+%0 
A+ SZ psi, Excessive Leakage at Upper 3/3 /+2.00 .33200 
Seam Stopped Test 3/3/4245 33245 
3/3] 44.01 . 3340) 

3(3/+4.80 | .33480 

3(3/-+.16 | . 33582 

3/3/x4.92 | .3342 
3/3/+44x | -33444 


Failure oF Model 
See Following Page Fa 
Celta rls 





Note: Tesis “B” And “C” Were Terminated By Ercessive Leakage From 
Seam On End Butthead. At End OF Test “A” , Examination 
Showed Lip On End Bulkhead Sheared Off . End Bulkhead 
Repaiecd Befere Tests 68,C And D.- 
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Figure XIX 
Move. N& S\i~DETAIL OF CRAZING 





CRAZING Along FRACTURE iS ON INNER 
(TENSION) SiDE OF SHELL. 


CRAZING ON Epge OF Frame SKETCHED 
As OBSERVED IMMEDIATELY ON FinisH 
OF TEST ~ THIS CRAZING DISAPPEARED 
Priok To DEFINITE LOCATION AS To 
1) -) a ©) Se) | 4 
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Table No. TH 


Test of 


Lucite Submatine Model No 5! 





Test By EF. Durfee Je. and V.D Johnson 


3O Mar. 1951 


Length Between Frames — 0.93" 


Oiameter - 4.0° 


Thickness -— lie inch Temp. of Watet - §7.0°F 


Test+ 
Load App lied 


at Rate of 2981. /min Hydro- 
static Pressure 


At BG psi, Leak at Gottom B8ut+4 Strap 


At CO pel, Coutd Feel ("40 2" Lobes 


A+ G66 LF Failure Jee Other Paqce Fer De tani Is 
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Figure XX 
Mover. N& 52~ Detail or Fairvre 


PaRTIAL EXPANSION SHowWING LOCATION OF FaiLURE 


Aso SHOWN: Locarion oF 2 ExTra Ihe x S/g Frames 
CEMENTED To SHELL Te SvePeryr Eun DIAPHRAGMS. 





Dimensions of MobEL AS Buiter Ano Tested: 
Feaming - 2/6" x 5Ae6" 
1.35" Berween Frames 
Average SHELL THIcKNESS - 0.0625" 
" INSIDE DIAMETER-8.96" 
" " * Tor - 8.97" 
“ " " Borrom- 8.95. 





A SA2/ar 


la.) on 





FiGuRE XXL 
Mope. N° 52 ~Detait oF Fracture 





EXPANSION OF FRACTURE To 
Actua SizE AND SHAPE 





Scarce: Fucr Size 
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Table No. IZ 
Test OF 
 Leacite Submarine Model No. 53 


Tes+ 8B | a ee Te ee hn V. BD. Johwnse 
So Mar. 195] 


herngih Between Frames — 2,84" 
Diameter - 4.0" Rate of Loading — | psi/min 
Thickness - Vie inch Temp. of Water — 6€0.5°F 


Tedre. Presa] Ott Readings i[Ocei Resdmyt[petl Gayl] UEC Gage z 
1/3/+0.50 ; 
ea -1.%6 
if 2/-3.6s 
if sf 43.33 
Tee 
1/1/+3.30 
t/s [+ 3.7 
i/a[+4-is 
1/2] -4.80 
i/a/-4.00 
i/a]-3.10 
\/2z/-2.s0 
tfaf-1z0 
\/ z/-0.40 
\/a/+o.8e 
\/2]+t,lo 
t/a/+3.08 
ifa/+ 3.04 
taj +4.9a 
(/3/-lao 
\/3]/+2.0° 
1/4 }-3.70 
\/5]-s.co 
\/s/+4.04 
2/4/+2.80 
2/¢/*2.50 
z/7/- 1.00 





Celumns 3 atd S , and & And 4 Above, Give The Dial 


Gage Readin and the Correspondin Actua 


Deflections in inches Respectively 


& Miodcl Failed | See Other Pages For Details 
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Figvre XXIL 
Moper N& 53~DetTai. of FAILURE 


PartiaL EXPANSION SHowing LocaTion OF FAILURE, 
Ano SHarPe of Critical Lose BiowN Into CYLINDER. 

Aso SHOWN: Location of 2 Extea 3/6 * 5/6 Frames 
CEMENTED To SHELL To SupPorrT Eno DIAPHRAGMS. 





DIMENSIONS OF MopeL AS BuiLtT AND TesTeD: 
Framing - 3Ae x S/ie 
2.84" BETWEEN Frames 
Average Swe. THickNESsS - 0.0625 
“ insipe DIAMETER - 9.00" 
; : * Tor - 8.98" 
: e “ ,BortoN- 9,04 








Figure XXL | 
Move. N2? 53 ~Detair oF CRITICAL Lose 








ExPANSION OF FRACTURE LoBE To 
Actua Size Ano SHAPE 








Scarce: Furr Size 
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Table No. W 


Tes+ oF 
Lucite Submarine Model No. 54 


Tes+ By E—.F. Durfce Jr ahd VD. Johnseh 
3O Mar. 195) 


Length Between Frames — ..35" 


Diameter - 90° 


Thickness - "Ne inch ‘Temp. of Watcr - €0.0°F 
Tes+ "A™ 
Lead Applied a+ Rate of 1 psi. /min Hydro - 
sdatic Pressure — A+ 12a psi, cracking heise 


heatd Fallowed by cx4+ensive leaking Srom 
but strap. Sec Other pages Sor deta; is 


Tes+ “sB" | 

Load Applied a+ Rate oF 2 psi/min Hudre - 

static Pressure 

A+ 15 psi, Vielent Crackling Noise 

A+ 23a psi, * - " 

A+ %@ Psi , Leaking slightly a+ point where 
\eakaqe Occurred in +es+ “A”. 

A+ sot psi, Vielent Gack ling Noise , Leakaqe 
at wWpper | 

At 31 Psi. Leakdaqe a+ Upper End Reduced 

A+ ST psi, Failure | See other pages fer details 


Note: Examination of Medel afkr +s+ 
Showed that End Picces were peshead 
into medel. Wedging dctioh of taper of End 
Pieces distorted sheil, Frame Adjacent +o 
cna pieses breken loose from shell. i+ is 
belicewed thad this <dused lea Kage avd wneise 


a+ sol, psi ds ho+ed above. Wedgqing actisn 
reduced leakage nai Be psi. 








a 


test tank, visual cracxs were apparent in the butt strap. 
Liberal application of ethylene ¢ichloride to the cracks 
stopped the leaks. 

For both steel anc plastics, ir all calculations 
were occurs, the value 0.¢0 has been used where 
stresses are below the piastic flow range and the 
Value 0.5 where stresses are ebove the plastic range. 
These values are consistent with the available data, 
Much less work has veen done to verify these values 
for plastics than for steels, but a vaiue of 0.20 to 
0.25 is generally accepted for the plastic for the 


elastic region. 


De 
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fis explained ir Seetion III on Procedure, the 
investigation of the use of plastic models to study 
the behavior of steel submarine pressure hulls was 
eonducted in two major steps. First, the performance 
of plastic columns was studied, anc then the per-~ 
formance of the more complicated plastic submerine 
pressure hull models was investigated. This approach 
proved to be practical and nrofitable. The column is 
the simplest strveture that exhibits an instability 
failure. The criticel stress causing 4n instability 
failure of a column, whether determined by theoretical 
Tormulas or actual test, varies with the sturdiness of 
the ecclumn in much the same manner as does the esllapse 
pressure of a submarine hull vary with its sturdiness.* 
Plastic column models are very inexpensive compared with 
plastic submarine models and are easily tested. Our 
study f the performence of plastic columns was there- 
fore not limitec by cost, anc it was possible in the 
time available to run as many column tests as uppeared 
* Footnote: This similarity between columns and 


submarine hulls is discussed at greater 
length on pase 6 of Reference (A). 
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necessary to adeqjuately cover the full range of column 
Gimensions required for this study. 

From these results, gererai conelusions could be 
made on the practicability of using plastie modeis to 
predict the performance of steel prototypes. Because 
of the cost of the plastic submarine pressure hull models, 
the number of models tested was Limited to four, While 
the dimensions of these models were selectec to give as 
wide a range of sturdiness factor as possible, the 
number was ratner limited. The conclustions obtained 
from the column tests proved valuable in interpreting 
the submarine model tests. 

Examination of the stress-strain curves in Section IV 
anid Figure #AAIV shows thet there is very little similarity 
between the stress-strain curves for steel and for plastics. 
The yield point for plastics is not definitely defined by 
the character of the stress-strain curve. For the pure 
pose of this thesis tne yielc point has arbitrarily been 
defined as the point of 0.7% permanent set. The yield 
point stress of the plastic "Lucite" using this de- 
finition is approximately 1/5 the yield point stress of 
medium carbon steel. The modulus of elasticity (%) for 
"Lucite™ is approximately 1/100 of the modulus of 


elasticity (") for mediun carbon steel, The shape of 
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the stress-strain curves are not the same since the 
steel curve has a well definec shoulder followed by 

a zero slope of the curve, while the plastic curves 
round over gently, and in many cases have no point 

of zero slope. In addition to #211 the above variations 
between plastic anc steel stress-strain curves, the 
stress-strain curve of » given plastic will very with 
rate of loading, humidity, temperature anc other 
factors. Refer to Figures XXXIV and XXXV and to 
acditional cdiseussion in the Appendix, 

When constructing a motel to predict the per=« 
formance of a prototype where such marked ¢ecifferences 
exist between the physical properties of the materials 
used for the prototype and the model, the question 
arises as to whether the model an? the prototype should 
be geometrically similar or be similar based on some 
non-dimensional basis. The gonventional non-dimensional 


- P 
parameters for submarine model work are WA . THTRY (rag 


4 ~~ 
and A = (L/2R)° ‘ yp. A similar set of 
(n/2R) © E 


non-dimensional parameters for columns would be 

Y= Cerit/ Typ end re Ly, /f, fhe type of 
similarity existing between model and prototype will 
have a marked effect upon the accuracy of the results, 


and it may «lso impose physical limits on the range 
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of prototypes which can be model tested cue to physical 
limitations of the models, 

it mey be noted again here that while the plastic 
materials used in these tests are called by their 
respective trade names of "Plexiglas" and "Lucite", 
both are cast Methyl Méthacrylate resin ane &re cone 
sidered as identical for the listing of physical pro- 


perties in Reference (6). 


C3 Test KResu 





Figures XV and XVI ane Table VI compare the re- 
sults of tests by R.T. Miller and by the authors on 
"Plexiglas® anc "Lucite" colwnns with the critical 


buckling stress predicted by Euler's column formula, 


2 
re 
(.... 7 ed The range of columns variec in 
erit ( £ ype 


sturciness from Mosel 0 whieh crushed and cid not 
buckle to Mo’el 21 which hac as large an Lyp value 
2S appearec possible to seeure in a plastic column 
ard still have the column initially straight within 
the limits required for accurate test results. 

The correct value to be used for E! in the Fuler 
column formule has been the subject of much learned 
discussion since the formula wes first suggested in 
1757. <All authorities seem to agree on using the 


value of E! = EF, the initial slope of the stress-strain 
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Table No. W& 


Actual Vs. Predicted Buckling S+ress 
For Plexiglas And Lucite Columns Models 








on Buckling Shess From Column Tests 
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curve, for stresses below the proportional limit. 
Timoshenko in Reference (13) suggests that the so- 
Called reduced moculus value ceveloped by Von Xarvan 
be used for E! when stresses are above the pro- 


rortional limit. By definition the reduced modulus 


is E, = - 8 ih men -. Shanley in References ? 
| (veeve? 
ard & sugeests thet the 
critical stress obteined using Ef = © as suggested 
~ 9 


by F. Engesser, is actually correct for predicting 

the load at which busking of a perfect column wiil 
begin, and that the reduced modulus gives the upper 
limit for load as the bending increases. Practical 
tests seem to bear out this conclusion, test results 
generally following Euler's formula below the pro- 
portional limit and lying in the area bounded by the 
Buler formulas using Ep and Ep in the region above the 
proportional limit. 

Figures 4¥ and AVL show the actual buekling stress 
as determined by test, and the predicted buckling stress 
as determined by Euler's formula using both EB, and Bre 
where different. The En and Ye Values for "Plexiglas" 
and "Lucite" were obtained graphically from Figvres XIT 
and ZIV amd are plotted in Figures AI and XIII. 

Stucy of Figure XVI shows thet the column tests 


eonducted by K.T. Miller using "Plexiglas® columms give 
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values for critical buckling stresses which closely 
follow the shape of the Euler curves, but that the 
eritical stress velueg are, in general, higher than 
those predicted by the Euler formula by about 15%, 
In these tests the critical buckling force was cone 
sicereéd to be that force which produced a visual de- 
formation, Determination of such a point tepended 
on the Judgment of, and careful observation by, the 
person conducting the test; in most cases this method 
id not permit determination of the exact moment of 
initial buckling ecovered by the Ruler theory, 

Ir. the series of tests run by the authors, 
readi:rss were taxen of the lateral deflection of the 
midpoint of the column as the load was applied, The 
detalis of the arrangement of the dial gages used to 
recorc the deflections are described in Section IIT 
and Appendix "5", These cial gage reacings were 
plotted avainst the load and buckling was defined as 
the polnt at which there ceased to be a gsall Increase 
in lateral deflection witn increasing load ane instead 
there was a large non-linear variation in lateral de- 
fleetion with inereasing force, See Figures XXV-AXVIT 
for these plots. Piotting the lateral ceflections 


served an additicnal useft:l purrose in determining the 
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aecurecy of the entire test. A reliable test should 
show a plot Similer to that for Motel No. 2%, Figure ZXV, 
The well defined buckling potrt incicates that the ends 
of the fixed-endec eolumm were parallel within very 
Close tolerances and thit the faces of the testing machine 
were similarly parallel. In contrast, @ plot of the type 
shown Tor Hodel 16, Figure XKVI, indicates that the column 
is bending in the initial phases of loading and that the 
column must either be bent when unloaded, have none 
parallel faces, or thet the faces of the testing machine 
are not parallel. In any case, such a plot shows that 
the results of the test are not very reliable, 

A stucy of Figure XV shows that the column tests 
concucted by the authors using fPLucite"™ give results 
wnich again follow the general shape of the Euler formulas, 
In this set of tests, however, there appears to be a wider 
scatter of the points than in the "Plexiglas" set but the 
mean -f the test results closely agrees with the values 
precicted by Puller. This closer zeneral agreement with 
the Euler formula is believe’) to be due to the method 
of determining bucicling (discussed above) which more 
accurately spots the point of initial buckling than is 
possible by visual observation. The wider scatter of 


points is more difficult to explain but may be due to 
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the method cf manufacture of the columns. In manue- 
facturing both the "Plexiglas" end the "Lucite" columns, 
extreme care was exercised to obtain end surfaess that 
were parallel within close tolerances in order to ob-e 
tain a test with end fixity similar to that assumed 

in the theoretical derivation cf the celumn formulas. 
However, in the case of tne "Plexiglas® cclumns this 
was accomplished by milling the ends, while in the 
case of the "Lucite® columns the encs were saved and 
then finished on a sanding machine. It would appear 
from the results thet the milling of the ends nroduces 
amore uniform degree of paralleliem and is the better 
method ef the two. 

The tests results in general are considered good, 
comparing rather closely with the Buler foraulas and 
with the work of other investigators in the column 
field. 

Fixed-ernded columms were used in the tests be- 
cause it is believed that with relatively simple testing 
equipment it is possibie to more closely approximete 

the condition for perfect. fixed—end columns than for 
perfect pin-erded columns. However, perfectly parallel 
encs on the column meceis cannot be obtained, ror are 


testir.g machine faces perfeectiy parallel, and the de- 
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eree of non-parsllelism undoubtedly varies from model 
to modei and test to test. khere extremely accurate 
results have been desired by other investigators, pin- 
ended columns using complicated roller bearing supports 
have beer used, The use of such eavinmernt would give 
slightly more accurate anc consistent results than 
those herein obtained. The metho? used, however, was 
sufficiently accurate for the desired purpose, and not 
unduly time and money consuming. 

From the above analysis we can concluce that plastic 
column models give accurate and consistent test results 
when compared to theoreticsl predictions. The next 
questic:: is whether or not plastic column motels can be 
used to predict the failure of steel cclumm prototypes. 
The answer appears to be "yes, in some cases, but not 
all", as explained below, 

First consider the possibility of usinz plastic 
column models seometrically similar to the steel pro- 
totypes. By Fuler'ts equation, (l wean @ hips” 
would expect the vlastic model to fallure at a 


q = p-RLaaSAS times the critical stress for 
crit FE steel 


the steel. Hence, a "Plexiglas" ecolumm would fail at 
approximately 1/100 the stress of a dimenstonally 
Similar steel column. Figure XXVIII shows this graphi- 
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eally. The critical stregs for a column of @ given Aye 
ear be obtained by taking the ordinate or the curve for 
the Mp Value and multiplying the value of the ordirate 
by the applicable E,. 

In Fisure XXVITI, data from both steel an.’ plestie 
column tests are shown, The steel dats are from Ke- 
ference (2) while the "Plexiglas" an“ "Lucite" deta are 
from this thesis. The steel curve is well cefined by 
many points. Since plastic column models with an Ly 
of greater than 50 coul¢c not be manufactured without 
some initial curvature, no tests were run at Nip values 
greater than 57, However, the few experimental points 
shown for plastics Lie along the line of the Euler 
formula using EB equal to the initial moculus of elxasticity. 
Although there is no experimental data for plastic column 
modeis at 7p greater than 57, such points if available 
woulc be expected to fall along the Suler column formula 
line as the critical stress in all guch cases would be 
far below the yield stress of plastic. 

Referring again to Figure XXVIII we see that for 
columns with a Mp Value af greater than 90, the 
curve of cata for plastic columns and steel columns 
coincides. Therefore, im this region dimensionally 


similar steel an’ plastic columns will have critical 
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Stresses proportional to their respective moduli of 
elasticity and, hence, a plastic motel theoretically 
can be used to predict the fuilure of a steel prototype. 
The above is rot true for valves of VY less than 

90. Fisure XXVIII shows grevhkically thet the curves 
no longer esincide and that the error of using the 
‘plastic curve instead of the steel runs from 0% at 

ie = 90 to approximately 1060% at Mp =x €5, This 
is becsuse of the difference in the ratio of --2 for 
plastics and for steel. At yp = 90 the steel columns 
reach a stress equal to the proportional limit anc begin 
to enter the range where faiiure is de teraiaes by the 
reduced values of E, and Ey, which are frections of the 
E veines hence the curve falls below the Fuler curve 
for constant E. However, at this point of Nip = 90, 
the plastic column ‘{s stressed to but 1/12 of its pro- 
portional limit. In faet, 1t will mot reach the pro- 
portional limit until the Yp equals approximately 72 
and at this point the ordinate will be 189 for the 
plastic column compared toe a value of 17.2 for the 
steel column. Therefore, if a plastic movel were 
used to predict the failure of a steel column with 
an "Ye value of 76 it would predict a failure at 

Corit = 189 x 1074 x 40 x 10° = 567,000 psi, while 
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the steel column Cate precicts a4 failure at 
Contt * 17-2 x 1074 x EO x 10° = 51,600 psi. 

Study of Figure AXVIII shows that any empirical 
correlation between the two curves is doubtful dre 
to the fact that the two curves are entirely different 
4n shape anc have so functional relatiouship.. 

From the above ciscussion it 1s coneluded thet 
theoretically dimensionally similar plastic column 
models will predict the critical buckling stress of 
steel column prototypes when the steel columns are 
not stressed beyond the proportional limit. Actuelly 
it is extremely ciffienlt, in fact nearly impossible, 
to construct plastie column motels within this range 
of high Lip Values that co not have some initial 
curvature. Therefore, for practical purposes the use 
of dimensionally similar plastic models to predict the 
buckling stress of steel prototypes is not feasible 
for any range of column dimensions, 

In Fleure XXIiX the results of steel, ®Lucite?” 
and "Plexiglas" columms are plotted on the basis of 
the two dimensionless coefficients, (Per 0 yte12 
ona Ife 2, which tase into account the physical 
properties of the specimen. This means that the plastic 
column model and its steel prototype would both have 
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the same value of Mp = » For velues of 7, “= 
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of more than ¢.25 the eurves for "Lucitte” eolumn cata 
and for steel column seta practically coineci¢e,. The 
curve for "Plexisclas® ‘ete is slightly hicher for 
reasons already diseussed, This mears that in this 
region plestic mocel columns can predict accurately 
the buckling stress of steel column models. Further- 
more, there is no practical difficulty as the plastic 
eslummis are much shorter than steel columns which are 
non-Cimensionally similar due to the difference in the 
ratio of 0 y/2 for the two materials. The column 
tests ron by the authors are equivalent to steel 


columns with an Vp rati¢ of as high as 740. 
= 
curves again sepxrate from the steel “ata curves, and 


To the left of 7 = %,25, the plastic data 
again correlation of the two curves does not appear 
feasible. Trerefore, it is believed that by using none 
Cimensional sinilarity between plastic colwnn tiodels 
and steel prototypes, the buckling stress of the steel 
columns ean be acevrately predicted by the plastic 
models if the ccrresponding steel prototyne is not 
stressed beyond the proportional limit. If the steei 
prototype is stressed beyon:! the proportional limit, 
accurate predications cannot be made by using plastic 
models, and the error will increase with increasing 


stress. 
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Submarine Mode 





As noted in the Introduction, there has been very 
little work done in the field of testing plastic models 
for structural strength, The tests conducted by the 
authors on plastic submarine pressure hull models, 
therefore, involved not only the actusi conducting and 
analyzing of the tests but, in adsition, the use of 
techniques of manufacture which were of an unproven 
anc experimental nature. 

An exatination of the mote of failure of each of 
the four models tested shows that three of the models 
failed in & manner which indicates that the results 
of these tests should furnish reliable data. Models 
Nos. 51, 52, and 52 appear to have had lobe type fsilures 
Which were not materially influenced by the butt strap 
on the models nor by the end bulkheads of the models, 
Model 50 appears to have failed prematurely due to a 
local failure near an end bulkhead. 

Figure XVII shows the nature of the failure of 
Model Ke. 50. The failure is confined to the area 
between the last frame of the model and the end bulke 
head. From Figure XVII tt ean be seen that there is 
very little space between the frane and the portian 
of the bulkhead which overlaps the shell. This distance 


is so much smaller than the distance between frames that 
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& lobe type of failure im this area appears unlikely. 
The shape of the fractured area seems tc indicate 
that it wes caused by some local stress raiser, 

Model No. §0 had the greatest insice enc ecLameter 
of any of the four models tested. While this was less 
then 1/10 of an inch greater than the snallest diameter 
at the corresponding end, it was sufficient te make the 
common solid end piece used on alt the models fit some- 
What loosely into the model. As a resuit, the usual 
method of sealing the end joint with "Miracle Achesive," 
which proved euccessful in the tests of the three other 
models, failed to make the joint sufficiently tight to 
prevent excessive leakage in three successive trys. To 
help prevent this leakage, a cloth gasxet was placed in 
between the model shell anc the rabbetted part of the 
end bulkhead along with cotton wicking and "Miracle 
Adhesive," It 18s believed thet foreing this end in 
place with the sealing agents mentioned probatly cracked 
the shell or butt and caused a premature failure. 

Pigures XVIII and XTX show the location and tyne 
of failure which occurred in Model No, 51. The failure 
is at a distance of a quarter of the circumference of 
the mocel from the butt strap and one frane space from 
the end bulkhead. The fracture appears to have started 


in the middle of the frame gpace. Such a location 
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indicates that the butt strap ance the end bulkheads 
had a negligible influence on the failure. The 
fracture appears to be ideally located. Before the 
failure, half lobes of 1}" to 2" could be felt. 
Formmlea 24 from Reference (4) gives a half-Lobe 
length of 1,28" for this model. One pecullarity of 
the failure was the presence of so-called "crazing? 
on the specimen after failure. This appeared as a 
network of seratches as shown in Figure XIX both at 
the point of rupture anc along the frame line. A 
more detailed discussion of "crazing" is contained in 
Appendix "PD", but the type found in this model is be~ 
lieved due to tension yielding above the proportional 
limit. Hence, the shell at the frame was «pparently 
near tne yleld point ae was the shell at the middle of 
the frame space where the lobes reached the maximun 
wrich resulted in the shell fracture, 

Figures AX and KAI show the details of the failure 
Of Model 57, While tne eraeck whien was the uitimate 
metho? of fatlure of the model extends just to the 
butt strap, the shape of the crack and its length in- 
ficates that a lobe failure occurree@ which was not 
materially affected by the preserce of the butt strap. 
the failure is also well clear of the end bulkhead 


influence. This model had the smallest diameter of the 
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four models, amc && a resuit the tepered en? pleces 
axtendec into the shell for only @ short ‘istance and 
were supported by two auxiliary franes,as shown in 

igure %4,to take the shear forces, This arrangement 
proved undesirable but did not prevent a setisfactory 
test. Six anc one-nalf psi below the final collapse 
pressure, the solvent fasteruing the frames to the shell 
failed in shear causing # ioue cracking notse anc some 
leakage, but the wedge-shaped piece sealed itseif and 
did not adversely influence the test. 

Figures XXII and XXIIZ show the failure of Mocel 52. 
The fatlure is clear of the influence of the butt strap 
and the end bulkheads. The fracture appears to have 
started at one of the frames bounding the failure. The 
niece of shell whicn was blown into the cylinder is of 
me size and shape to indicate a lobe tyve failure, 

The piece of shell is %.6¢" long and extends from frame 
to frase, Formula 74 of Reference (4) gives a helf-lobe 
lengtn of 1.77 for this model. 

Dial gazes were use’ to reeord deflections during 
tests of Mocgels 50 anc 54, These gages were installed 
as shown in Figures ViiI anc XIX ane were intended to 
cetermine the collapse pressure by indicating the 
pressure et which shell deflections no longer increased 


linearly with pressure. It was thought this might be 
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more reliatie than visuni signs of failure since the 
lateral deflection readings tad proven to be tore 


reliable than visual tndieations in tee column tests, 


~ 


ihe reacirgs tawxen are cletted in Pigure Xxx. It will 
be noted that the maximum varistion in readings for 
Diel Gage "A® in the test of Model No. $2 is G6" 


Wiille Dial Gage "B" opposite has a variation of .162", 


rx 
i) 
rt 


It is believed that this was caused by some lac} 
rigidity im the diil cage set-up; and thet the de- 

flection indicated by each gage was ectually a fonetion 
of the total ceflection of both sises of the mocel, the 


spring constants of the ¢ial sages, and the rigidity of 


ce 


he dlal gage support. The plots 5f the readings of 
these two gages, however, both indieste a paint of rapid 
change in deflection resdings 1 psi below the failure 
point, 

The ciel pege arrencemert mace visual observation 
of the model unter test difficult and precluded any ex~ 
amination of the model by running ones hand along the 
surface to spot the exact locetion of leaks or lobe 


zg 


formations. Since the readings taxen on Model No. 56 
—_ 
had not proven much more accurate than visusl means for 
G@iseovering buckling, it appeared that a good visual 
a 2” 


inspection was more important than the gage reacings. 
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Therefore, gages were not used for the tests of 
Models Nos. 51 amd 52. For test No. 5¢ a more sinvle 
dial gage arrangement wes dcevised which still permitted 
visual examination of the motel under test. The read- 
ings taken during the tests rum on Model No. 5¢ are shown 
in Figure XXX but have little significance as the model 
failed prematurely. 

The conventional basis for slotting submarine model 
test results is ona Y vS A graph where as mentioned 


P (L/2B)? |e, 
E 


before, WY © geqeneo-s and A 2 
(n/zR)* 


Y a 
(h/R) Typ 
Figure XXXI is a plot of steel data from Davie Taylor 






Model Basir tests. Imeluced on this plot is DTMB formula 
no" for the collapse of thin-walled steel pressure vessels 
with stiffening rings and the curve W = i280 which closely 
approximates experimental cata. 

DTMB Formula "9" was develope’ by the David Taylor 
Mo’el Basin for predicting tne collapse by instabllity 


of thin cylinirical shells under external pressure, 


a] iy - 5/2 
P(the collapse pressure) = ~22425-- ~np SBdeh) a ; 
(Ae) | Be - 9645(n/2R) | 


ent 


While this formula is indepencent of QO it can be 


¥ ee 
rewritten as = “ots for plotting on a Y vs A 
1000 Syp,l -aA"™% 1 * 
wh Fr 4 /, ee | ee eee : ae ae ee ee 
ty eae (“575777 (igdn7oRy 


* Footnote: for further diseussion of this formula 
see Reference (4). 
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It will be noted that € is a function of the ratio of 
Oy to E and will be different for steel and plastic. 
Figure XXXII shows the curves for Formula "9" for steel 
and "Lucite" assuming the E ane Jy vaines shown on the 

plot. The experimental motel results are also shown 
on this plot. Figure XXXIII sews a similar plot ex- 
cept in Figure XXXITII, & for "Lucite" is taken as 
o27,00C psi; while in Figure XXXII, it is taken as 
€09,000 psi, the value cetermined by compressive tests 
conducted by the authors at a ‘tenpcrature of 69°F, 

The experimentel points in Figure XXXII, lie in 
@curve parallel to Formule "9" but somewhat higher. 
In Pigure XXXIII the exverimental points agree more 
closely with the theoretical Formula "9", 

From Reference (6), for methyl methacrylate cast 
resin which incluces "Lucite® and "Plexiglas" sheets, 
EZ for compression is £00,000 psi at 72°F. (ro rate of 
loading specified) and is 250,000 psi at $5°F. ‘The 
compression test concuctedé by the authors which fave 
E = 200,000 psi was conducted at 69°F. The tests of 
the submarine models were at temperatures ranging from 
57 to 60.5°F. Interpolation o7 data in Reference (6) 
suggests that a mocified value tor FE of 677,000 pst 


should be usec for the submarine model tests. 
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Reference books in the field of plestic give 
physical properties in very genersl figures such as 
F = 3-5y10°psi and, hence, are not much help when a 
question arises as to whether to use F = £00,900 nei 

e<7,009 psi. This ig apperertiy cue in part to 
the lack of demsen' for such detailed irformation be~ 
cause of the manner in which these meterials are normselly 
used, and to the considerable variation in these proe 
perties with humidity, rate of loading, and temperature, 
Tt will be noted that for the methyl methacrylate resin 
"Plexiglas®, R.T. Miller, ug.rng the same rate of loading 
in poun’s per square ineh as the authors and approxi- 
mately the same temperature, determined & to be 670,000 pai, 

From the foregoing, it may be concluded that the 
failures of the plastie models follow a seneral curve 
which has the same shepe as the curve of Formula "9F, 
and thet the experimental data check with the formula 
results within tne accuracy with which it is possible to 
getermine E. 

As in the case of the column tests, the submarine 
models tested represent as wiee a rarge of sturdiness, 
measured by A/p for columns and by A for submarine 
models, as could be incorporated in the models without 


introducing large secondary effects due to mechanical 
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imperfections. Also, as in the case of the column motels, 
any given mocel tested can be consicered as either 
geometrically similar to a certain steel prototype, or 
nonedimensionsally similar to some other steel prototype 


based on having 4@ comnon A vVaiue. For instance: 


Afor "Lucite™ so7el Aof steel model 
nd non~-dimensionally seonetrically similar 
Model simtiar steel model to "Lucite™ nodel 
50 Lele ee8F 
$3 Peel « 528 
52 ae 185 2626 
5D 4 0% 0925 


A tes ere Ee a pt FOI tI, A ADI a A PAP CP DPR OL POE LLIN EP OY ARI me a eet 


Geometric Similarity Basis 


fests of the "Lucite”™ motel vive experimental results 
in agreement with Formula "9" whien is a function of E 
ard the model cimensions. Therefore, xeometrically similar 
steel prototypes an?’ plastic models should fa 1 at pressures 
in proportion to their vespective E values. Eliminating 
Mocel 50 data which are corsidered unreliable, the pre- 
fieted collapse for geometrically similar steel models 


would be: 
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Collapse Pressure Collapse of Predicted 

for Steel Model Eteel 
Mocel Plestic Morel from Pir, xX¥FI* Collapse 
$1 68 psi 65i psi SG70 psi 
57 27 psi 651 psi ©170 psi 
5< 46 nsi 651 osi L270 ssi 








The models tested represent geometrically similer steel 
guetetgwes wi th A values from .289 to .975. In this 
range steel prototypes are stressed beyond the pro- 
portional limit before the collapse pressure is reached, 
Paralleling the experience with columns ard for similar 
reasons, the plastic models predict failure values for 
steel prototypes which are too high. Theoretically, 

es in the cease cof columms, reliable cata concerning the 
collapse pressure of geometrically similar steel proto- 
types can be obteined from plastic models in the renge 
where the steel prototypes are stressec below the pro- 
porticral limit at collapse. However, the largest frame 
spacing used in our tests was on Model 57% and is sbout 
the maximum frane spacing which can be used on plestie 
models and maintain close oute-of-rounéness tolerances, 
€tili, this spacing is less than the minioum required to 
be in the range where geometricelly similar plastic 
mocels give reliable predicts. 


% Wery little exact date avallable. Figures given are 
approximately correct. 
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Therefore, as in the case of columns, there 
appears to be practical arn theoretical conrsi:erations 
whieh make the use of geometrically similar plastic 
mocels unsuitable for predicting the collapse of steel 


prototypes. 


Non-Dimensional Similarity Basis 


Plastie models appear in a sgmaewhat more favorable 





Light when usec te study the cellapse of steel prototyves 
having comaon A values. 

Studying Pigures *2XAL-XARIITI, we see that the plastic 
model test cata as plotted in Figure X7AITI and the steel 
model test cata each vary fron their respective theoreti- 
Cal curves of Formula "9" by abovt the sare percentase 
of the YW value for a given A value. Hence, it should 


be possible to test @ plastic model, compare the results 


a 


percentage wise with Pormula °9" for the plastic, and 


he. 


eonelude that the steel prototyne would fa.l at the sane 
proportional relationship to Forsula "9" for steel. 

However, the results of such predictions using the 
method proposed are sensitive ts variations in the E 
value used. This is especially true at low values of A, 
say,less than 7.5. Figures X2XIT and R¥XIIL illustrate 
this. YPue to the steepness cof the Formula "9" curve 


at low A values, small variations ir the relative 
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position of the experimental points an’ the Formula "9" 
curve mean large variations in the percentace difference 
between theoretical and experimental results. For this 
reason, it appears that plastic modets should be used 
where 2 qualitative comparison is desired such as when 
conducting a research program investigating the effect 
of variation »°f some parameter, rather than for pre- 
diction of the collapse cepth of a Specific submarine 
design. 

All models tested are in the region where the steel 
prototypes collapse before reaching the proportional 
limit. Beyond the proportional limit £ in Formula "9° 
should be replaced by Ep or other mocified FB value. 
Since for steel models a approaches zero as the stress 
appreaches the yield point, an instability failure occurs 
as the stress reaches the yield point. Thies is alse 
eviderced by the fact that DTMB Formulas "9°" and "974" 
from Reference (5) include only Oy and net E since 
they are for failure in this area. 

In plastic models such as "Lucite", the Ey value 
at the"y#eld poirt"has only decreesed sorte 20% below the 
Snitial value. Therefore, collapse by instability will 
not occur just because the material has reachedg the 


Wyield point", As shown ir Figure AXIX for columms, 
























a) 
, ae 


"pl etedY aul We C100) (Aamo ka omy 
TTT Ce eh 9) Rew Rl nry vt acl 
se Ve tees Case O@ 
ee ee ted rummeat OF 4 
oe OA ee ieee 8) ome vere seine Liaey © 
jootty @ RatPeurPnwh) ceMtOvE fenereey © me 
oe to) ae ya erey ptepegey —— morarwey 
nee YOlisey fe eae Cemetion ont ~ ia 





x» 


= © 





ieths © foe ctl * OG Of ome eet shew 12h 
ee enh Paste otebte wonellso | 
ae ee ee ee ae 
paseee © sec lidar weilte me oT wt emir ot 7 
oneurs «8! G2 docParrhas > obum inte a 
evimes exulisl <cdilideient w yous Atsrt ant 
cite a) Sh0 trie pivky OY colours wan 
Tote? bee °C? eof GPT fa het ar et se 
see 8 Te: Os ee Vato  eaees 
ve 41 we Wee TR oe ee 

ite «tov “hia” 4 me sn gpa 
a? eee BY hat eet qe lest deine. 
L270 YOATAUUO OA! WO PRRRIED (Pen eRD mis 
18 to@ard Gee 1 m09 pee -* ‘meres 
(ele 7 TARE wees. 4) ey ce Srhor 





ee 














the curves of data for steel models ant plastic models 
ne longer coincide after the proporticnal limit is 
resched. Had it been possible to cancuct tests of 
Dlastic submarine models in this region, the results 
would undoubtedly have been similar to the column 
results, ani the plastic model collapse pressures would 
have been higher than the steel results in this region. 
A&A possible means of getting around the difficulty 
eould be to taxe deflection readings of a plastic model 
with e low A value, in the neighborhood of .70 to .30, 
and plot these readings so as to determine when a yield 
point was reached. Sinee reachirg the yleld potnt in a 
steel model would result in collapse, this point where 
the plaatic model reached a yield soint could be con- 
Sidered the collapse pressure. This approach appeared 
very encouraging until the dimensions of the "Lucite" 
models that would have the necessary low A values 


were calculated. See table below: 


Model > Mistarce Be- Estimated Collapse 
Dimensions tween Frames Preesure ("Lucite") 
9” dia. x 1/16" .90 .2gon 209 pst 

i 89 eoea" 275 pet 
8 60 si 25" 490 pai 
16" dia. x 1/16" .90 0 245" 120 psi 


4" dia, x L/s" 299 oO7S" 625 psi 
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The above table shows that it is not practical to 
construct "Lucite”™ submarine pressure hull models having 
low A values, The first four models Listed in the 
table above have h/2R ratios corresponding to the usual 
Submarine practice. It can be seen that for such 
Cimensions the spacing between frames becomes of the 
Sase order of magnitucte as the width of the frame, and 
that secondary effects which are not oresernt in the 
steel prototype (since it will not have this close 
Spacing even though it has the same CA value), becone 
large and mexe the results unreliable. The last model 
listed has a more acceptable distance between frames, 
but here the h/2R ratio for the mocel is three times 
the values commonly usec for submarine design. Also, 
the test pressure becomes very high and therefore elini- 
nates one of the acvantages of plastic models. While 
the table its based on "Lucite", the distance between 
france values would not change appreciably for any of 
the other common plastics including Cellulose Acetate, 


"Eylon® and "Plextglas", 


General Considerations 


A general conclusion from the results of the "Lucite" 


submarine model tests and the column tests follows, 
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Mogels made of methyl metherylate and otrer plastics 
readily evailable (such as cellulose acetate) are 
practical for studying the perfortance of steel pro- 
totypes in the region where the steel model collapses 
before the steel reaches the proportional limit. Such 
models should be constructed so as to have A simil- 
erity te the prototype. Plastic models are neither 
practical nor reliable for predicting the collapse 
pressure of submarine pressure hulis when the steel 
prototyne is stressec beyord the proportional limit 
at the time of failure. Unfortunately, this is the 
region in whieh mocern submsrines are cesigned. 

While three or four t#sts are not sufficient evicence 
upon Which to base a conclusion, 't is believed that, in 
general, the construction of plastic submarine models - 
while more simple than the construction of steel models - 
is more suseenptible to small errors such as local ovte 
of-roundness. Hence, the test results of a series of 
plastic models would probably show more "“seatter®™ than 
a series of similar steel model tests. 

The frumes used for all tests were 2/16" x 5/16" 
and withstood a maximum pressure of 69 pel. By DIMB 
Formula "88", from Reference (5) this frave snovld be 


good for a pressure of 68.7? psi. However, usval 
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practice is to consider that this fermula is over- 
optimistic, anc the usual working value is considered 
to be one-nalf the derived value. The fresmes in these 
tests, though tested to the full value of the foraula 
rather than one-half as is standard practice, showed 
no sims of weakness. 

The details of construction of the motels tested 
provea very satisfactory. The use of a butt strap to 
make the longitudinal seam did not appear to introduce 
any cifficulties or inaccuracies into the tests. The 
few leaks woich developed in the longitudinal seam during 
the tests were stopped by removing the mocel from the 
test tank am’ putting e few drops of ethylene dichlori¢e 
umier the butt strap in the vicinity of the leek, 

in order to save mot.ey, the sawe end bulkheads 
were used on every model. There was some difficulty 
here due to the variation in the ingsice élaneters of 
the modeis from model tc model and from end to end. 
The taper that was given to the rabbetted part of the 
bulkhead did not entirely solve this problem. On the 
model with the smallest diameter, the taper tended te 
wedge open the eylincer and sift the butt strap scan. 
On the largest diameter model, it wes @iffiecult to get 


the joint tight and this was probably the reason for 
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the premature failure. Usin: the bulkheads over agai: 
in successive tests presented the problem of securing 
watertight joints ané still being able to remove the 
bulkheads after the test. "Miracle Adhesive" manu- 
Facturedc by the Miracle Achesive Corporation was used 
for this purpose and worked very well. 

The highest pressure on the circular bulkheads of 
the models was 60 psi. By Reference (14) the maximum 
stress in the 1/?-ineh plastic end bulkheads at this 


pressure was: 


Gua= 6,800 psi if fixed ended support was 
corsicered to exist. 
Oee= 10,920 psi if simple support was con- 


sidered to exist. 
Compared to the physical pronerties of: 


T yield point ~ 7*999 psi- Tau. = 14,000 pst. 


The testing tank arrarnvement used was very satis- 
factory. Refulation of the pressure in the tank by 
throttling the recirculating line gave a very simple, 
smooth and accurate means of pressure control. The 
ease of using the water oressure from the tap instead 
of a pump as required for high pressure tests was parti- 


Cularly noticeable. 
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One of the most important features of this ine 
vestigation of the use of plastic models is the 
relative cost of steel vs. plastic modieis. The four 
models tested cost a total of apvroximately $100. 

Of this cost, about one-quarter was fixed charges 

Which could be spread over any number of models, re- 
Gucing the cost ver wodel to below $75 if more than . 
rour models were tested. To reproduce these sodels 

in steel models of the sane size and simplified fora 
would cost apporximately €175 per model. This is one 
of the important advantarces of using plastic models for 
a Series of tests involving many models. 

a oe "time-edge effeet"® noted in photoelastic 

work with some plastics seers to indicate that plastics 
might chance in physical properties with time, which 
woulc mean that models made of older stoex would react 
differently than models made from newer material. 
However, exenination of the literature and discussion 
with Professor A.G.H. Dietz and Dr. &, Yurenka of the 
M.I.T. staff indicate that no noticeable effect would 
occur unless the material was at least several years 
old. 

The use of plastic submarine models offers many 
attractive possibllities. These include photoelastic 


study of the stresses around stress raisers such as 
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hatches, valves, franes, ete. There is relatively 
Little known about the effect of these on submarine 
strength. 

This thesis limiteé itself principally to models 
of plastics comnercially available, ard shows that 
these are limited in thetr usefulness, but that the 
field has great possibilitics. The next step appears 
to be to overcome the difficulties pointed ovt in this 
thesis by developing a plastic with a stress strain 
eurve of similar shape tc that of the steel to be used 
for pressure hulls, This may be feagible, bet is more 
in the realm of metallurgy and cheristry than Naval 
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Engineering. 
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Simplified submarine pressure hvil models cone 
structed of commercially avatiable volastics 

car be used to predict the collapse of steel 
prototypes subjected to hydrostatic pressure, 
Reliabls results can be expected, however, 

only in the rather limited range where the tro-e 
totype is not stressed above the proportional 
limit, and where A -similarity is maintained 


between plastic model anc steel prototyne. 


Conventional submerine desizns do rot fall in 


the above specified rane, 


Plastic models are recommended for qualitative 
evaluation of the effect of varying a given 
parameter, ratner than for quantitative pre 
d@ietion of the collapse depth of ore specific 


design. 


Plastic models can be eonstructed in accordance 
with good commercial standards of workmanship 


and give reliable, consistent data. 
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Plastic torels cost approximately one-fifth 
the cost of comparable small, simplified 
steel models, and may be tested satisfactorily 


with simple, inexpensive test apparatus, 





Vii. 
RECOMMENDAT( OVS 

Inasmuch as vilastic submarine mosels do offer 
some definite advantages, particularily for research 
programs involving laraze wumbers of moeels, it is 
recommenced that efforts be aade to exnand their 
present iimited range of aneclicability., Since this 
range is restricte?, primartiy, by the vhysicsl per- 
formance characteristics of commerctally available 
plasties (specifically, the shape and nature of the 
stress-strain curve, and the yield stress-modulus 
of elasticity ratio), it is suggested that attention 
be given to the development of a plastic having a 
stress-strain curve similar in shape and nature to 
thet of egubtarine hull steel but with lower ebsolute 
values. Use of such plastics would offer an ex- 
tension of the ranre of model-prototype correlation 


to include conver.tional submarine designs. 











——_s 2 Se. ea ee 


ee ee ie oe 
ot tL elem Th oven sil Reetered seman 
ee ae eae 
See ee ee 
en Sebo eel a ot siretey ptaratrtare wh 
shibshvte ChinseveMe To Be ae ee 
6 Se re A eee ee CULO) Pare 
en oe oe ee 
Thaw Oy THRE SOPLRIOwR OS AL GI WAePS GOT PHRMA BF 
ee ee 
SPER Ey GAR PRAY A) TRIED Ovo 
Aoi h TIRR Cee et Cees Line anpeerdes 




















VU. 
ARPRERLIZ 














oi 


APPENDIX "A" 
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Pormulss anc Theories of Failure 

It ig not the objeet of this thesis to attenpt 
to evaluate existing theories for failures in steel 
submurine pressure hulls, nor the corresponding 
formulas for critical pressures and critical design 
parameters. Detailed discussions of such theories 
and formulas may be founc in References (4) and (5). 
These formulas ani theories must be referred to, 
however, for the insight they give as to the probable 
actual moce of failure of the steel model or prototype 
in order that the fatlure of the plastic modeis can be 
critically compared. In the ranye of large ratios of 
frane spacing to diameter, and low ratios of shell, 
thiekmess to diameter, the shell will fail through in- 
stability; Von Mises unc Windenburg have developed 
theoretical formulas for this range of failure. For 
excessively weak or flexible frames, the frames may 
collapse even though supported by contiguous snell ; 
Tokugawa ard Von Sanden and Gunther have formulated 


this type failure. For adequate strength of franes 
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and prover minimum spacing of frames, the plating may 
reach the yield point either in longitudinal stress 
at & point of local bending over the frame, or in 
transverse etress at mid-panel between frames; Von 
Sanden an? Cunther have attempted to formulate these 


types of yield failure. 


Design Parameters 

From the above, and study of the references, it 
{8 apparent that the relative values of the various 
cesign parameters are of paramount importance: 1.€., 
shell thickness (h), versus shell diameter (22), versus 
frame spacing (L!), versus distance between frames (L), 


versus frane stiffness (I), etc. 


Importance of E, 0 ., and Ty? 


One very imvortant consideration in submarine dee 
Sien is that of weight; an acceptable design must pro- 
Guce the greatest collapse depth for a given weight 
of pressure hull structure. Within the limitations of 
the least weight solution, the several design paraneters 
may be veriec and adjusted so that the resultant 
Structure may fail with what the literature commonly 
terms an "elastic instability® failure, or with what is 
referred to as a "yield*® failure, or with an inter- 


mediate mode of feuilure which is often called failure 
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by “plastic instability." The meaning of these terms 
will be briefly outlined; for a more comprehensive 
treatise om the theory involved see References (4) and 
(5). 

By en felastic instability" failure its meant a 
failure (evicenced by bulging of the shell between 
frames) in which the combination of a reletively low 
value of h/?R and a relatively high value of L/7h per- 
mits the shell to evade the load before the shell ts 


stressed above its this sitmation is analogous 


p3 
to tre behavior of a lorg and slender column which 
may buckle at a very low nominal stress. 

By a "yield" failure is meant a failure in which 
the combination of a high value of h/?R and a low vaiue 
of L/2R results in the shell being held up to the load 
and stressed to, or aimost to, its yield point; at this 
high stress the instantaneous modulus Ee is so reduced 
that the actual form of collapse is through instability. 
Accortingly, a more proper description of this type of 
failure might be "instability at yield strese." 

By failure by "plastic instability" !s meant that 
type of failure that occurs when the composite effect of 
the h/2R and L/2R parameters is such that the shell is 
stressed beyon?’ the proportional limit, but is not 


stressed to the yield point. (for exemple, each of the 
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two ratios, h/ZR and L/2R, might have a value inter- 
mediate between its two values i» the extreme cases of 
Nelastic instability" and "yield"). Again, the value 

of the instantaneous moculus ip Ceecreagses is the pro- 
portional limit is passed, an“ the actuel form of failur 
is one of instability. Similarly, a more proper de- 
scription of tnis type cf fallure might well be 
"instability between proportional anc yield stresses.” 

For purposes of brevity, ard in order to eonform 
to the literature, the terns "yield failure", "failure 
by plastic instabllity", and "elastic instability failure® 
will be employed. 

From the above, the significance cf E, Epy Thy 

TS yp- ie., the shape end magnitudes of the stress-strain 
curve - for the submarine pressure hull steel is apparent. 
fhe stress-strain curve for such 4 steel 1s readily ob- 

tuainable, an! 13 essentially fixed ard eonstart for the 
encountered ranges of temperature sand rates of hydro- 
static loading. 

For most plastics, however, {rclucding the methyl 
methacrylates, the shape and magnitudes of the stress- 
strain curve may vary slenificantly aeeordi:.g to the 
type of test (tension versus compression versus bending), 
the tenperature, the rate of loading, etc. iiote 


Figures XXXIV and XXXV. 
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Figure XXXIV 


TRUE STRESS TRUE STRAIN CURVES (COMPRESSION) 
METHYL METHACRYLATE (8285-1) VARYING MOL. WEIGHTS 
TESTS AT VARIOUS CONSTANT RATES OF STRAIN 
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FIGURE XXXV 


METHYL METHACRYLATE (B285-!) VARYING MOL. WEIGHTS 

TESTS AT VARIOUS CONSTANT RATES OF LOAD 
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The foregoing brief and oversimplified summary 
of some of the cifferemces between steel and plastic 
presents ome of the most important problems that con- 
fronted the authors: Upon what basis could steel and 
plastic submarine models be compered? Which cgesign 
parameters or parameter ratios should be held constant? 
Could the respective sets of modeis, steel versus 
plastic, be reduced to a truly comparable set of di- 
mensionless parameters in which the effect of variables 
such as Tye Band »« are eliminated or reduced to an 
insignificant degree? What variables between steel and 
plastic are relatively fixed, what are controlled to 
some degree (as by rate of loading), ané@ what are 


essentially independent - and, perhaps, unpredictable? 


Brief History of DITMB Work on Plastic Models 
During the period June through August, 1950, one 


of the authors, Cdr. E.F. Durfee, had the opportunity 

to observe the preliminary work done by the David Taylor 
Motel Basin upon plastic submarine models. The work by 
DTMB has been periodically rewiewed by the authors to 
this date, and is briefly summarized. DTIMB has not as 
yet completed any programs involving the use of plastic 


submarine models, nor reported any results thus far. 
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Initial experimental tests by DIMB upon plestic 
submarine models involved cellulose acetate models, 
The models were about 16 inches in ilameter, about 
the same length, and approximately 1/5 inch shell thiexk- 
ness. The shell was formed from Plat sheets with a 
Longitucinal seam reinforced by a butt strap on the 
inside of the shell. Rectangular franes, machined 
from flat sheets, were fitted insice the shell, and 
were suitably notched for the shell seam strap. This 
type model gave trouble through weakness and none 
circularity at the shell seam, amd the frames cemon- 
strated a tencency to fracture where notehed. Pre- 
liminary tests with these models exployec stress-~- 
coat, and whitewash, as devices to ettempt to incieate 
the advent of incipient failure or collapse. Verbal 
reports from DTMB representatives indicate these first 
models gave ineonclusive indications of results, 

Another set of three (2) methyl methacrylate 
models has been manufactured by DTNB, and is ready for 
test. These models are also of approximately 16 inch 
length and diameter and 1/8 inch shell thickness, and 
are of constant total weight of frame material. One 
model is intended to fail by shell instability, and 
has all frame material concentrated in four (4) 4" x 4" 


well separated frames. mn another model, it is expected 


= 























steesig oom CHT gt wierd 
chink aixzeve vevinilés RevEer ad eammoe wr 
Ramke yroremis nb wedeed Ab See oer 
ante ites «ou . gieleeieve Ge oa 
2 bin asewen ASG eae keer! see Thaae we 
ol om eels come «@ Of Geroclain anes 7 
a ee ee 
Oe 
et ee | 
100 Dh eee eee epteer wer 6 
a es ee Ret eee J inte edt ce 
poh Rete P i cetiireetoee? Ge quae @ 6 
ee ee a ovwet wees 
et Pla Of PUNE! FO eeRFO Om jCremndion tam 
Latest eaqmitoe om eweisl rerinived ts . Pn . 
Supe) chee? Gane INT) ae TKaSeewrpTD META etl STO 
LA) Geet Ya gun Lrscdbct wvindieeieal webs atabe 
cen pypemivee Lynhew §8) wwedd Te tee venom 
1 yee Fe JOT TE Merve nerieeee Hk om 
toes bd caer em zone Te rele rib adntam Gent oe 
es peowel sc ilete dan! Vit pe wean bom - 
aml Labwerer cee “S Plo lane brome 
be polliveter! ¢ieae a tw os bereey “ 
be = th ta) Wee as Cae Rls Ei iyneee aw ie 
teetowgee 6) 0) sae yeahs IT me? ee ee ° 





= 
te. 


a 











—- 


that the frames will fall: this model hes etcht (8) 
1/4" x 1/2 frames, with the frame space approximately 
one-half that of the model first deseribed. The third 
mocel has an intermediate arrangement of frames, six 
(6) €/8" x 1/2° frames. In this series of models, the 
main variable has been the number and specing of con- 
stant cepth frames of @ constant total frame weight. 
For this group of mocels, the shell strap is run longi- 
tudinally on the exterior of the model, and the ine 
Gividually machined one}j=pilece rectangular frames are 
fitted inside the shell, thus avoiding amy notches or 
other discontinuities in the frames. 

The experience of DTMB in manufacturing plastic 
mocels was ¢crawn upom by the authors in designing and 
constructing their models in regard to techniavee of 
shaping the shell mandrel, heating the shell sheet, 
forming the shell, designing frame rings, choice and 


use of solvents, etc. 


Work by Cdr. 2.7. Miller at DTH 

Puring August, 1950, Cdr. #.T. Miller, of the 
M.i.T. group at DTMB, began 4 series of column come 
pression tests on "Plexiglas," a methyl methacrylate, 
in order to initiate an investigation of the benavior 


of "Plexiglas® columms. Cir. Miller ran a series of 
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columns in compression buec<ling tests anc compared hls 
results with Euler's Column Curve. The specimens, 
dimensions of which are “etailed in approgcriate tabu- 
lations in Appendiz "C", were accurately sawed to breadth 
and width, an! the ends carefully milled to tree and 
parallel planes, The columns were tested as "fixed 
ended" columns. After some unsatisfactory attempts with 
plaster-enbedded base plates, the tests were rin similar 
to those later eonducted on “Lucite® by the authors, with 
no special mounting plates other than tuose furnished 
with the testing machine, The tests were run at fixed 
rates of loading. Points of buckling, or "visible 
buckling,"® were noted by carerul visual observation, 

A compressive stress-strain plot was prepared from crush 
test of one short specimen. 

When Cdr. Hiller droppea preliminury plans to work 
wit the autnors on this thesis, he generously furnished 
the authors with his data, Which has beer used by the 
autnors to supplement and corroborate the data obtained 


by the authors in their tests of "Luecite”™ colwmis, 
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Jetaiis of Procedure 


Choice of Plastic 


Prior to choice of the plastic to be utilized, 





a variety of materials were investigated, and con 
Sultations held with, azong other authorities, 

Dr. Edwardé Wenk, Jr., of DPMB, Or. A.O.H. Dietz and 
Dr. 8&8. Yurenke of the Department of Builcing Engineer- 
ing and Construction, “.1.T., "r.C.l. Norris of the 
Departwent of Civil and Sanitary Engineering, “.I.T., 
and fr. J.P. Den Hartog ard Dr. FE. Orowan of the [Pe- 
partment of Mechanical Pngineering, “~.I.T. Much of 
the study centerec upon the search for a plastic with 
&@ stress-strain curve similar in shape to that of steel, 
With a diatinet yield point, and with a ratio between 
Stress and initial modulus of elasticity approximating 
that of steel. 

Among the materials studied to the poirt of cone 
ducting stress-strain comnpressisn tests were methyl 
methacrylate, cellulose acetate, anid nylons see 
Figure X and Tebles VIII-XVII. Another material investi- 


gatec was neoprene ebonite. A consideration in connection 
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with all materlals was the question of the avallability 
of the sheets and stoce required for construction of 
column models and of submarine models, 

Extensive study indleated to the authors the 
rlecessity for choosing an acceptable and available 
material, even though the selected material saigét not 
be the optimum, on a theoretical basis, a8 regards stresse- 
Strain curve and yielc-modulus ratio, 

Accordirgly, "Lucite", a methyl methacrylate, was 
chosen. In addition to the advantages listed in tre 
body of the thesis, this material ~ in the almost exact 
thiekness deslre°’ ~- was found to be available at the 
Forest Products, Imc., Cambricze, Mess., a concern capable 
of manufacturing the desired column ari submarine models, 
amd possessed of the required experience in heating and 
forming the "Lucite” shell and frames. 

Detailed disacvanteges of the "Lucite® material 
are developed elsewhere in this thesis, and will merely 
be listeé here. The primary cisadvantage is the stress 
strain curve shape, and the discrepancy between Lucite!s 
yield-modulus ratio ard that of steel. As with most 
plastics, "Lucite" exhibits a grester degree of non- 
uniformity of material scantlings, chemical composition, 


and physical characteristics ti:an does steel. Other 
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"Lucite® disadvantages characteristic of “ost plastics 
include: the change in stress-stroin behavior, modulus 
value, ultimate strenzth, ani "ereer characteristics" 
with change in rate of loading; susceptibility to 
humidity; pessible dessiecating effects of prolonged 
periods of time;"crazing"; anc weekening effects af gol- 
vents; and uncertainties as to behavior under different 
conditions of, anc rates cf, tension, coapression, 

anc bending. 

It is of interest tc note that the published litera- 
ture concerning plastics, or ever the unpublished data 
compiled by the M.I.T. plastics group, appears quite 
meager in regard to determination of physical perfor- 
mance charécteristics for plastics such as vaiues for 
yield stress, modulus of elasticity, Poissonts ratio, 
etc., uméer specified conditions of loading anc rates 
of loading. This is due in great part, no doubt, to 
the sensitivity of these physical characteristies to 
the chemical composition and corditions of manufacture 
of each lot of plastic. Another factor is probebly the. 
relatively small emphasis on physical characteristics 
for many uses, and the greater concern with molding 


behavior, dieleetric properties, ete. 
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Plastic Column Tests 

WLucite®™ coluans, Models Hos. 15 to Z1, were made 
by Forest Products, Inc., from commercial grede one 
half inch "Lucite™ eut to width by a circular saw, The 
ends were cut by saw, anc then finished to exact length, 
planeness, and parallelism by cor.timuous belt wet sander, 
Models Nos, 22 to 24 mere cut by the authors from Hoel 
ho, 21, using a band saw and a continuous belt dry sanréer. 

Column Models Nos, lo to Z1 Were chosen to check, 
anc to expand, the range covered by Movwels DIMB ho. 0-9, 
and, in particular, to secure points to be used to come 
pare with steel eclumn data when plotted on a non- 
dimensional basis such as on Figure AXIX, 

The test apparatus utilized in the column tests is 
that located in the M.I.T. Plastics Laboratory, Building 
<0. Column tests were performed by the authors uncer the 
guidance of Dr. Steven Yurenxa. A 1/10,000" Gial gaze was 
first used to check the rate of automatic cross head travel 
which wes acjusted for each specimer,. Concurrently, a test 
weight was used to check anc calibrate the continuous and 
automatically ink-trace-recordirg load cell. For the 
ectual test, one 1/19,000" and one 1/1,090" cial gages 
were used @t mideheisht anc mid-breadth of the motel to 


record transverse deflections in the plane of ninimun 
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moment of imertia, while a second 1/1900" ial raze 
wes used to cheek the rate of travel which was 
automatically recsrded by proper gear setting in 
the ink trace. Periodic readinvs of travel versus 
load were recorded to check the automatically recorded 
data, 

Particular eare was giver to the transverse de- 
flection dial gazes in order to determi e« the poin 
of incipient buckling, or non-linearity of deflection, 
by these dial gages, rather than by relianee on visible 
buckling, (As noted itn the "DISCUSSION,® the "Plexiglas" 
column data of August, 1950, tended ts show execssively 
high values of critical loads; the authors susvected that 
bucklirg had actually started a finite loac increnent 
before the "visible buckling" could be detected). 

Upper anc lower loacing anvils were treated with 
Silicon ofl in an effort to avoid "binding® and dise 
tortion of the loaded ends as the (shorter) colums 


attempted to conform to Poissonts ratio. 


Desim of Plastic Submerine Moecels 
From purely theoretical considerations, the authors 
would have preferred to have tested plastic models in 


sufficient number and of proper characteristics to defire 
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by test spots the entire A - Y curve from A = 0,4 
to abevt cA = 1.0. There were, hovever, several im- 
pediments. 


Among the non-theoreticzl considerstions were those 
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of available toney and time, ant t} 
related physical limitations es to naximum ciameter of 
motel and meximum pressure of the test tenk, the design 
anc procurement of which had to go forward fairly early 
in the thesis work. Consiverations of desire? tank 
pressure ani mo‘el size lec to choice of a design insic 
C@ianeter of models of mine inches. Although the tank 
was built an? tested to 100 pounds per square inch, 
available water mein pressure indlested @ desirable 
pressure limit of about 70 younds per square inch gege. 
One feuture of the plastic submarine motel design. 
that gave the authors cause for anxlety concerned the 
problem of "out-of-roundness." Lack of true circularity, 
particularly at a longitudinal seam, hes been observed 
a3 a point of potential and probable weakness in steel 
submarine mocels, anc in the preliminary plastic sub- 
marine model tests co: ducted by DIME. Accordingly, the 
authors endeavored to find &@ commercial source of plastic 
seatiless tubing of a practicable h/?R ratio. The largest 


ciameter tubing which the authors could fird on the 
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commercial market is giy inches, with a well thickness 

of one-eishth inch; thus, a h/?R value of 09,0104. As de- 
veloped in more detail uniter ®BISCIOSION OF RESCLTS,® 

so greet a h/2R ratio woulé lead to a low \ value, 
heavy and closely spacec frames, an?’ high pressures, 
hecordingly, the design was developed employing a longi- 
tudinal seam in a thin shell of large ciameter, with 
circularity maintained by external batt strap and snugly 
fitted internal frames. 

A study of conventional submarine designs indicated 
that, for geometric similarity, a model shell thickness 
of approximately 9.055 inch for an insiie diameter of 
rine inehes was desirable. With “Lucite” available in 
nominal thicknesses of 0,040 inch, 0.050 inch and 0.060 
tnch, the design was premised upon 0,960 inch shell 

hiekness. For geonetriec similarity to moderr submarine 
design the resultant cistance between frames on Motel 
Bo. 52 was estimated to 1.35 inches. The intended A 
value was 1.98; the actual A value of the completed 
mocel vas approximately 2.79, the difference result’ng 
froma variations in h, Oy and # of the actual "Lucite® 
from which constructed. 

In order to limit to the createst practicable exe 
tent the number of variables involvec, and in orcer to 


keep the cost and time of manufacture within bounds, 


all four (4) submarine models were designed for constant 
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diameter and shell thickness (as well as frane size), 
witn the Crame spacing used as the prime variable, 
Movei ho, 5¢, with @ designed A value of 2.8 and an 
actual A of 4.04 as built, was designed as the 
largest A value desired. At the Gesign stage, the 
authors hoped that this motel coulé be tested to 
"failure" without destruction, ani be unloaded without 
Gatage to permit subsequent re-testing; this hope was 
not fulfilled. 

Model No. 50, with a A value of 1.7 as designed, 
and 1.73 as built, hac « distance between frames of 
0.52". This was the clesest frame spacing used, a 
minimum adopted for the following reasons: (1) anti- 
Cipated difficulties in building « motel with ecloser 
frame spacing, and, (7) belief thet the resultant 
structure could not possibly fail in the lobe pattern 
of a steel mocel, but woul?’ have a fallure significerntly 
influenced by secondary effects at the frames. (At the 
design stage, the authors expected this motel te fail 
in am overall] mode including fracture of the frames.) 

Mocel No. 51, with a designed A of 1.6 anda A 
of 2.31 as built, was intended to fill in the A range 


between Mocels 50 and 57, 


ifT= 
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Hote is made that to desig: a plastie model (of 
the chogen thickness anc diameter) for a similarity 
to @ conventional submarine desien would have required 


Ro. 50. fee 


f+ 


@ freme spacing smaller than Mode 
"DISCUSSION" for further details. Thus, the resulting 
series of four (4) plastic models, while eover'’rg the 
maximum feasible range of A Values, does not go to as 
low <A values as would be desirable for A -sistlarity 
to existing design nor to the even lower A values dee 
Sirable for full coverage of the entire contenplated 
A range. 

The problem of frame size was approsehed in the 
following marmer. A steel H-beem cor-sistent with 
current submarine practice was taxer as the datum, to 
accompany Model ho. 52. On the basis of approximating 
the faying flange, to suiteble scele, a frame width of 
€/16" was chosen for the plastic models, The actual 
Heframe was then replaced by e rectangulur frame having 
a faying flance of width corresponding to the &/16" 
dimension suitably sealed up. The eepth of the steel 
rectangular franc was caleculatec on the basis of main- 
tuinirg the I of the combined section, frame plus faying 
portion of shell, about its own neutral axis. Additional 


calculations weré made on the basis of moment of inertia 
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of the frame plus entire frame spacing o* shell, and 

of the frame alone, in order to avoi° any possible un- 
usual disparity im any one of these eriteria. The 
range of rectangular frame depths obtained from the 
above calculations were then sealed down to the plastie 
model size ~- a nominal cepth of 5/16" wes selected as 
satisfying the requirements for I on the var‘tous bases 
outlined above, as well as providing e definite 
"directional stability" to the frame. That is, the 
5/16" depth gave the mocel frame a definitely greater I 
&@bout one axis than about the other, anc avoidet the 
equality of stiffness that, for example, a sguare frane 
woule provide. 

Unee the frane spacings and frame sige were de- 
termined, the model lengths could be chosen. Several 
eriteria were applied: the model lensth eghould approxi- 
mate the mocel diameter, but the number of frances need 
not exceed six (6); the spacing between the end diaphragm 
and the first frame was to be less than the normal frame 
spacing; and the minimum number of uniformly strong frame 
spaces was to be two (7). The model lengths speelfied 
on Figures II-V result from application of the above 
criteria. 

End dilaphragzs for use with the plastic submarine 


motels were designed to consist of a 9® x 7/8" disc 
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with an integral 9-1/8" x 1/8" flange. The ./3 dise 
was designee to sppport the en? panel of the shell, 
permit a tight end joint, and minimize the possibility 
of lonvitudinal bending in tne shell at or near the 
end. The integral 1/8" x 9" flange was designed to 
withstanc the end loading, und was calculated to carry, 
in shear, an enc pressure of approximately 100 ponun'‘s 


Nor Square inch gave. 


Manufacture of Plastic Submarine Models 

The material usec for all parts of the plastic 
Submarine moiels was "Lucite", acrylic resin cast 
sheeting, 0.8. Army-Navy Specification AN-P-44. The 
shell material was 1/16" flat sheet heated to approxi- 
mately 240-400°F., and wrapped upon s rubber coverec 
wooden mandrel, with surplus materiz2l for a butt strap, 
and held until the temperature dropped to about 150°F, 
The shell then trimnued to size, a butt strap appiied 
on the outside, and "welded" with ethylene dichloride 
solvent, 

& wooden jig for molding frames to the nine inch 
inside dlameter of the cooled shell was then constructed, 
and the frames were heated as above an formed to shape, 
with excess length, from 2/16" x 5/16" flat rods eut 


by table saw from 2/16" sheet. 
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The final tubes were not perfeet cylinders in 
all eases, but hac siight variations in dlameter as 
listed on Pigures AVII[-XxXII. Frames were indivitually 
Pitted and cut to length for a press Tit. Where 
necessary in final fitting, additional filler pieces 
were pressed into plece anc cemented into the frames, 

All] final fitting and cementi:g of franes was done 
by the authors, Im ell cases, frane butts were care~- 
fully stegeered and in ro event were franre butts per- 
mittec to fall near the shell sean in the middle frame 
spaces. The procedure in setting franes was as Tollows, 
First, the length of the tube was carefully checked, 
and any deviation from specified length adjusted for 
in setting the frame ring nearest the truest end of the 
tube. Three gage blocks, approximately 35" Long x 1/7?" 
wide were then carefully filec and sanded to the exect 
spacing between frames at the three points of contact 
on ee@cen bioek, ends anc center. With the butt steadied 
over the center of one of the three equlespsced suge 
blocks, the next frame was carefully locateé and "tack 
welded" with a fine syringe containing solvent. More 
anc more points were so secured, an’ the gage biocks 
Slid around the periphery, until the entire ring was 


located properly, at which point the entire frame was 
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cemented in place anid the butt cemented, cavtion being 
exerciseé to prevent any solvent from runnines over the 
shell surface excect in wey of the frecte, All frames 
were so located and cemented, the gure blocks being 
progressively cut down in size from Model Bo. 5% ta 


Model ko. 55. 


Plastic Submarine Mocel Tests 

For all modeis the en’? diaphragms were temporarily 
giuecd on by generous use of Miracle Einck Magic Achesive, 
a heavy-bodied, fast drying, waterproof (when «ry), 
self—bonding adhesive manufactured by Miracle Adhesives 
Corporation, New York, M.Y. ThiS adhesive was selected 
after extensive preliminary tests irvolving such varied 
materials as Puco Househole Cement, Weldwood, ete. 
Experience showed am optimum time for test of the mocel 
after affixing ends: after about 15 minutes the surface 
of the adhesive was tough enough to resist penetration, 
while the main body of the achesive was ypiiable enough 
to xeep tight uncer local bending and compression. When 
too dry the adhesive terdec to be too brittle; when too 
wet, it flowed out uncer water pressure. The adhesive 
Gid not harden un‘er water, anc readily permitted re~ 


moval of the end diaphragms om completion of ea test, 
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Fyperience with the first motels showed the 
vulnerability of the seans to leakese along the seam, 
Accordingly, the seams anc seam straps were fererously 
plied with solvent - resulting in th» use of more sole 
verit on the seams than misht otherwise be required. 

For Model No, 52, the dial gage arran‘ement was 
enecked out in the inverse position before assembling 
the model, and before bolting the model to the steel 
flange. For this motel the dial gages were mounted at 
mid-height of the lower penel, and clear cf the sean, 
Dial gage readings were taken up to the point of 
failure, 

In mounting Models Nos. 57 and 51, the upper 
"Lucite™ diaphragm was left bolted to the steel flange, 
and the shell and then the lower diaphrags: glued on. 
The test of Model No. 5? was interrupted by a serious 
leak at the lower end of the seam. The model was re~- 
moved from the tank, this crack was sealed with solvent, 
ang the test re-started and carried to eonelusion withe 
out further incident. No dial raze readings were taken. 

Similarly, no dial gage readings were taken on 
Model No, 51, but careful visual and touch observations 
were mace, This test was carrie? through without ine 


cidert. This test pressure exceeded calculated pre~- 
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cictions, and threatened to #o beyond the limits of 
the pressure gage; the critical pressure was reached 
just as the usable range of the gaze was approached, 
Mocel ko. 59 suffered all the mechanical break- 
downs and material fatlures avoided by Models Kos, 
51-5¢. To provide for the logical increase in pressure 
above Mocel No. 51, prior to the test cf Model Fo, 50 
the authors procured and installed a hiah pressure 
hance hydraulic puap anc a 700 pounds per square inch 
capacity pressure gaze, as shown on Photograph Ko. l 
and Figure XVIII. Because of the difficulty in ex- 
amining the entire tnner surface of the shell and 
frames in the time allowed under the chosen losd rate, 
dial gases were again mounte?, as shown in Figure VIII. 
clear of frames an? seam in the middle frame space. 
The function of these dial gages was tc detect the 
yield point or point of buckling of the mocel by any 
non-linearity of deflection readings. Model No. §0 
was first fitted with the sane end diaphragms as 
used on Models Nos. 51-58 and fitted es shown for such 
models om Figure Vi. The lover diaphragm flange sheeree 
off in Test A, however, uncer a relatively low pressure, 
For later tests the lower diaphragm was mocified, and 


both diaphragms were re-installed, as detailed for 
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Mocel No. 50 om Figure VI. The lower head gquiltin 
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bolts, and the loed-spreading washers shown, were 
waterproofed with cotton frommets smeared with miracle 
adhesive, As will be rote? from the results, Model 
ho. 560 failed prematurely 2t a iower pressure than 
Mocel No. 51; accordingly, there was no need to use 
the hance pump that hed been proviced, anc the maximum 


pressure was obteitned directly from line pressure, 
) 
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APPERDIX C 
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Tables VIT-XVII contain a gummary of the test data 
taxer. curing tests of “Lucite” and "Pjexizlas® columns, 

"Plexiglas® data were taxen in the form in which 
tabulated as the tests were belhg run, 

The "Lucite", "iylon® anc Cellulose Acetate cata 
were automatically recorded during the actual tests by 
an ink graph of force vs. time mate by the testing 
machine. The authore recordec the readings for lateral 
and vertical defleetion on these graphs at the appro- 
priate values of force und time. The graphs are ten 
inches wide and have a total length of approximately 
#9 feet; the tables that follow are a summary of the 
data recorded om these graphs. 

APPENDIX "B" deseribee the procedure followed by 
the authors in concucting the tests of plastic columns. 
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Supolementary Pisecussion 


Shapes of Stress-Strain Curves 

Typical shapes of stress-strain curves for skipe 
building steels are inciceated on Firfure XAIV. Most of 
the steel curves are characterized by a distinct and 
Gefinite yield point, which often oecurs in the charac- 
teristic "drop of the beam” phenommnon as illustrated 
by the "Medium Steel" curve of Figure KAIV. Many High 
Tenegile steels exhibit the other stress-strain curve 
shown on the same figure; these ATS curves show high 
values of B,U. , , SW. » ard @ Gistinect, rapid, 

pel. YeDe. 

an’ permanent drop in the valve of £ st the yield point, 
The third and last curve on Figure XXIV, tn comparison, 
ig typical of the methyl methacrylates (regardless of 
rate of load) including its lack of a distinet yield 
point. Thus, for "Lucite" we are forced to employ 
some arbitrary cefinition of "yield point” tnvolving 
& percentage of elongation, or percentage of initial 
moculus, ete, 

Comparison of the steel and plestic curves in 


Figure XXIV is informative. At low stresses the two 
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Table Ne WIT 


Summary of Experimental Colutnn Data 
in Tables Below: L = Length of Equivalent Pin Ended Colum ~ sar y * 


Gyradius And Uygp Equals The .002 Yield Stress 
———s And Lucite Column —s 


(3, 320 pst 
{0,400 
8,636 
if sere 
3,800 
oe ae) 
3,740 
A, 110 
z,200 
1, 745 
8, 8240 
9, \z0 
8, R20 
5,030 
3,760 
&,280 
|, 845 
(©, 795 
11,300 
10, 600 


Models O-4 , Ty? Toco , Es 370,000 Models 16-24 ,Syp= 9,000, E= 305 000 


S+ecl Calumn Oata 
oc ei wo E = 31.3 «10° 
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Table No Vij 


Teast Data For Nylon en me Acetate Models 


Tests By E.F. Durfee And V. D. Johnson 


Mode! .328 <.310'« . 1516" Cellulose - Acetate 
et. DE 
5 *s 














47* [020% 4.0410 
ps* 1806 5 8 


12420 *« lo 
i7T¢S 





























2386 c.f 2046 
3100 &,c 2440 
3720 qa 7806 






4560 
S3ic 
STOO 
5700 
66000 
G2066 
623506 
G346 
6420 
6360 
63860 


3340 
41¢0 
4630 
5460 
cois6 
6560 
TIGO 
TSI 
8310 
8&oo 
8750 


Raic of Loading — 8CO psi /min 








































Model i+ .8TO'xs .309"* .509 Nylon 
iic* 6 96 psi Soxto” | sts xio” 
210 1335 Te aT+ 
360 2ayto 17 1342 
520 S310 145 GGT 
680 4320 1% 2020 
TTo 4890 195 2240 
860 5460 212 24 35 
io4o 65970 248 2850 
11990 T5350 2TT 31:50 
{300 8240 301 3446 
i350 BSSO 3Bz0 3686 
14 50 9 190 344 4950 
is aS 9656 378 4350 
{4oo io130 406 4660 
icZ2zs _16650 436 soac 
16 TS issoo0 A 1+ S450 
mes: ios8sao SOR $7G0 
ware {6 B40 53a Gifs 
iTio 1o8BO S75 GGid 


i750 ir 120 Gi5 TOGO 





Table No Tt 


Test Data Fer Lucite Columns 


Tests Ran By E.F DurfSce Jr. and VY. O. Johnsen 


Rate of Loading — 800 psi/min Temp. y Fo Wie be ol 
Model *i6 4.023" % 6,617" « 6.7435" 


ae ee ae 


5.3 
5.8 
G2 
6.8 
7.8 
bs | 
io.4 
| 
(3.4 
15.6 
Visual 





From Pict . Critical Force = 3390* 


Teni4 * 8820 psi 





5.355 0.5\\" x 6.747" 


t.f - 9.2 
2.1 - 1.6 
1.8 - 2,0 
ea - 3.6 
o.4 - 5.G 
0.4 ae he | 
o.T -4.! 
«1 -4.) 
1.4 = 3.1 
2.4 "24 
4.0 =1.G6 
6.4 + 1.0 
Visual Visual 





Critical Force = 3140" gg, 





Notc* (1 Deflection Readines§ in VAT 





Table No. ZX 


Test Data For Lucite Columns 
Test By EF. Ourfee Jr ahd V.0. Johnson 


Rate of Loading — 8°O psifmin 


Temp. 20.3°¢ 


- 
Model !5 \.452"".s0S"'« .su" 
eae 9 Verde eel. | wnt Det. 


ate a ie 220 psi 


340 
“Ts 
6 io 
6B! 
T5060 
Bia 
87s 
io\o 
110) 
wate 
13G4 
i4as 
isso 
45 
i97To 
2105 
2490 
240) 
2460 
2650 
28%0 
ZIiAal 
32406 
Se 
3730 
39TO 
41TO 
4400 
45 76 
5230 
S6&o 
6380 
GAGO 
T3000 
T6YO 
68aso 
BGSO 
LO230 
}O5a0 
(1480 


4+1o 
655 
50 
130 
i300 
14 50 
ig To 
19940 
2240 
2560 
27184 
3156 
3549 
3a1¢ 
48906 
$250 
S8O0° 
CIG6G 
463596 
G760 
7266 
8oso 
6330 
8843 
¥3ao 
97006 
{or Fo 
Io630 
ioqio 
11830 
[£260 
i2aae¢o 
(3 350 
13530 
iS 7890 
i; 9So0 
14070 - 
[4420 
1424S 
14 720 








Table No. KI 


Test Datg For Lucite Columns 
Tests Ran By E.F Durfee Je and V.D Johnson 
Rat<e of Loading = 306 psi/min Temp 20.3°C 


Mode *ile6 @.Tl« o.s0f » o.t4T" Yps 46 
4.\ — | 
4.1 ~ 4.6 
4.\ a 
5.0 — 
5.0 -~3.9 
51 a 
5.2 -4.6 
32 -4.6 
a ~4.6 
Cz -5.1 
8.0 -5.8 
4.5 - 7¥.! 
it.t -F.0 

Visual Visual 





Model *19 8.05" * 0.506"1 0 748" y 





From Plot, Critical Load = 1500*% Tay 2 3960 psi 


Note: All Deflections in VAT TT. 





Table No XIL 
Test Data For Lucite Se 
Tests By E.F Durfee Jr and VO Johnson 
Rate of Loading - 800 psi/min Temp, 20.3°C 


Model *Z0 9.386 * 0.504406 T4I “Yo = 64.6 


ne Defi. | Desl. Lett ~~" Right 


7.6 
7.8 
8.0 
8.8 
9.8 


1.7 
13.0 
1G.T 
Late) 
Visual 





Critical Lead = 850° 


‘ Medei *2\ 14.18" 0.498" *« o. TSI" Ye = lo+ 
[Force | vere. Oth [ Dest tes | Berl. wight 
Io * =) 
19s 
2806 
335 


380 

460 

$50 

6co s © 
61° Visual Visnal 





Critical Load = 690% ee ed) 


Note: All Deflectioms in VAT-TT 





Table No. XI 


Test Data ‘al eee 9 ee 


Tests By E.F Durfee Jr and V. D. Johnson 


Rate of Leading 300 */min Temp 22°C 
Model “ie (Retest) 4.02" « 0.517" vo, 743" ‘tes 


Plot, Critic Farce = 3500* 





Model “23 3.65 «.4%G" «.140 [p= 25.4 





Fro Pilot Critical Force = 415s0* Tait = i, 300 p-s.i- 


All Deflection Readin 








Table No XIV 


Test Data For Lucite Columns 


Tests By EF Durfee Jr and VD. Johnson 
Rate of boading 300*/min Temp. 22°C 
Model *22 3.5T"«.Sio” x P T50" “/» = 24,3 


Defl. Right Force Defi. Left 
4.5 





Ceitical Ferce From Plot = 4lio* 


Model *24 Soox .T46 b/p= aro 





Critical Force From Pict = 3950* Tuy jt = (0,600 pst 


All Deflection Readings 








Table NoX¥ 


Test Data For Pleviglas Columns 


Test By R.T Miller 
Rate ef Leading - 400 Whenin 


Mode! O 44" loo". Si" L/p= 10 
| Force | Vert. Defi. Unit E long. 


i¢.00 
i68.05 
19.65 
Z0.10 
22.30 
23.96 
27.900 
30.08 
353.45 
36. BA 
4° 72 
45.10 
$0.65 
$7.30 
6S GS 
tTv.495 
46.20 


Visual 


” 


Extreme 
Dc fe imation 





Note: Dc 4 leeticons in [isco inch 





Table No. XVI 


Test Data For Plexiglas Columns 


‘Tests By R.T Miller 







Model 4 7.20" « 1|.00"« - 50" L/p = ve) 
Vert. Desi, | Force | Were. Deg] Force | vers. Del 
200” 24400 (02.89 
+006 2aeco {217.56 
ators) 2400 Visual 
Buckling 
B8Oo6 





Criti Lea = oko) Jud = 5 800p51 Rate of Loading 2 400% /min 












Model “5 8.c5" * |.00" x . 50” \/p = 60 
Force Vert. Dest | Force Vert. Ocft. 
1T.0S 1500 199.49 
5t.cs i¢co 14.42 
8c. iz male, 18.60 
90.45 {&oo y 
q5 0S 1900 Sees 
Buckling 
44.48 2135 
\0+4..38 42 
Critical Lead = 2135 Unit = 4270 psi Rate of Loading = 200 “/min 
Modcl G , [0.0g"« |.oo" « , 51" (p= TO 
Buckling Lodd Recorded only—Lodad = (900% Tut = 
Rate of Loading = 400*/; 
Model T 11.52" © 1.00" & st” L/e= g0 









Buckling bead Recorded onl 


ee Se i380” 





Model & 2.90" %« .9q" x, 51" L/p= 90 


[Buck ting Load Recorded Only —— Lead = Li190 FS Tut « 
’ Rate of Loading = 400 * /win 


Model 9 14.4°* Loo" x .sI" ; “Yp- (co 
Load= 8&40* Quit = 
Rate of hoading = 400 %/;,; 









Table No. YW 


Test Data For Plexiglas Coluemns 
Tests By RT Miller 


Rate of Loading 4007/'min 





Medel | 2.88" x 1.00" x , So” “Ye 20 
Vert. De Ft. 

B3.50 

78.80 

iy mel -) 

f Visual 
Buckling 

Critical Lead = SACO Ten:+ 2 1S, 400 ps! 

Medel “2 4.32% 1.00" * .51" ‘(p= 30 

Vert. Des | Force | Vert. Defi. Vert. Deft. 





TrT..0 
92.49 
ttt.3o 
} Visual 
Buckling 
Critical Lead = 4400 Vat = 8630 
Mod<l *3 S.7T x l.6o” «x, $6” “/p «40 


Vert Det Tent Bef 
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materials both have a linser relationship betwee 

stress anc strain, bit the plastic stretches more 

for an equal inerease in stress. At the yield stress 

of the steel, however, the instantaneous valve of the 
modulus (Ep) for steel drops drastically. (A steel 

model experiencing tnis stress would fail through 

yielgs; or, more properly, through instability ceused 

by the lowered value of © accompanying yield). At 

the arbitrarily ¢et "yield stress" of the plastic, in 
contrast, the plastic behaves almost exactly us before; 
for the same increment im stress es viewed before, the 
increment of strain is 6 little larger, but only a 

little larger. The tendency towards instability failure ~- 
mieh is inversely proportional to £ - is # little greater 
to the same exterit that the ingtantaneous vaiue of Ep 

hes decreased. (A plastic model experiencing this 

stress would probably show no changes at all unless by 
sheer coirnciderice the gradual reductior. in instantaneous 

F to this point was just sufficient to induce instability 


failure). 


Crazing 


Mogel ho. 51, which reached the maximum absolute 
pressure of the four plastic submarine wodels tested, 


was tne only one of the four models to exhibit the 
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phenomenon of crazing. Fizure XVIII stows the location 
of the erazing in relation to the frecture anc to the 
overall geometry of the model. Figure XIX ecetails the 
erazing along the central portion of the line sf 
fracture, anc tne smaller region of crazing on the edge 
of the adjacent frame, Both areas of crazing were ob- 
served immediately following the hydrostatic test. The 
crazing appeared in the form of tiny, hairlike cracks 
om or uncer the surface of the notel, and could be 
cGetectes only by careful lighting. Rough sketches 

were promptly made of the phenomenon with deseristive 
measurements. At the time of first examination, no 
definite deteruirat.ion was made as to which surface 
contained the tiny cracks. lho deteetable surface 
irregularities existed on either surface. 

This model was next examined with a magnifying 
less approximately three (2) days after the date of 
the hycrostatic test. At this examination, and at all 
subsequent re-exuminations, no trace f the frame edze 
crazing could be found. 

The crazing aionz the line of fracture remained 
unchanged and apparently stable. Figure XIA represents, 
therefore, the appearance of the phenomenon in the 
fracturecé areé both immediately on conclusion of the 


test, and on 21 April 1951 when the drawing was mnede, 
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This permanent crazi:.g has been cetermined to be at, 
or immediately adjacent ts, the inner surface of the 
shell, No finite surface breaks or irregularities 
exist. 

The literature eonecerning the field of plastics 
eontains much pertaining to the phenomenon of crazing - 
there i's little agreement or unanimity regard’ ng it; 
References (10) and (11). Among the possible causes 
of crazing ere ilsted the following: the existence of 
a tensile stress at or near a yleld stress, or, the 
existence of a relative tensile stress which may be 
superimposed on a general compressive stress field 
as during vending; instability of the plastic ¢ue to 
formula, conditions of molding anc environment and 
atmosphere during wenufactures arc reactions in the 
surface of the plastic ¢cue to the presence cf solvents 
or oils, ineluding human sxin olls. The latter causes 
are essentially a form of material instabllity, or 
susceptibility to environmental effects, and are not 
eonsidered pertinent to the crazing oceurring in 
Model 51 for the following reasons: the waterial used 
was standard commerelal "Lucite", and exhibited no 
other case of craging during the manufacture, handling, 
and test of the models in spite of constant hendling 


and exposure to water, o11, and ethylene cichlorice solvent. 
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It is believed that the first mentioned cause of 
crazing is apolicable to Model 51: the existence of 
a tensile stress et or near a yield stress, or, the 
existence of a relative tensile stress, Since the 
existerce of crazing does not necessarily redece 
the ultimate strength of a tensile specimen, the 
occurrence of crazing is not necessarily an indication 
that any portion of the mater al has reached the ulti- 
mate stress. All authorities econsnited by the authors 


eoneurred that the observed crazing incirated a 


6 
be 


absolute or relative tensile etress field in the erea 
affected. The permanent crazing at the center of the 
apparent fracture bulge is located at the inner sur- 
face of the motel. It ‘5s believed that this crazing 
occurred whén the formation oF such a bulge produced 
vencing in the shell, anc caused a tersile stress at 
the inner surface relative to the general compression 
stress through the shell and at the outer surface, 

Ko firm conjecture can be advanced in regard to 
the temporary crazing over the frame edge inasmuch as 


the exact surface location of this region is not Known, 
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